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ABSTRACT  
 
Context – Urbanization can have negative effects on bat habitat use through the loss and 
isolation of habitat even for volant bats.  Yet, how bats respond to the changing landscape 
composition and configuration of urban environments remains poorly understood.  
 
Objective – This study examines the relationship between bat habitat use and landscape 
pattern across multiple scales in the Phoenix metropolitan region.  My research explores 
how landscape composition and configuration affects bat activity, foraging activity, and 
species richness (response variables), and the distinct habitats that they use. 
 
Methods – I used a multi-scale landscape approach and acoustic monitoring data to create 
predictive models that identified the key predictor variables across multiple scales within 
the study area.  I selected three scales with the intent of capturing the landscape, home 
range, and site scales, which may all be relevant for understanding bat habitat use.  
 
Results –  Overall, class-level metrics and configuration metrics best explained bat 
habitat use for bat species associated with this urban setting.  The extent and 
extensiveness of water (corresponding to small water bodies and watercourses) were the 
most important predictor variables across all response variables.  Bat activity was 
predicted to be high in native vegetation remnants, and low in native vegetation at the 
city periphery.  Foraging activity was predicted to be high in fine-scale land cover 
heterogeneity.  Species richness was predicted to be high in golf courses, and low in 
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commercial areas.  Bat habitat use was affected by urban landscape pattern mainly at the 
landscape and site scale.  
 
Conclusions – My results suggested in hot arid urban landscapes water is a limiting factor 
for bats, even in urban landscapes where the availability of water may be greater than in 
outlying native desert habitat.  Golf courses had the highest species richness, and 
included the detection of the uncommon pocketed free-tailed bat (Nyctinomops 
femorosaccus).  Water cover types had the second highest species richness.  Golf courses 
may serve as important stop-overs or refuges for rare or elusive bats.  Urban waterways 
and golf courses are novel urban cover types that can serve as compliments to urban 
preserves, and other green spaces for bat conservation.  
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CHAPTER 1 
URBANIZATION AND BATS: AN OVERVIEW   
 
Urbanization and Biodiversity 
Urbanization is a globally-dominant driving force altering spatial patterns and 
ecological processes within and beyond the physical boundaries of cities (Wu 2004, 
Grimm et al. 2008, Wu et al. 2013, Liu et al. 2014, Liu et al. 2016).  Habitat loss and 
fragmentation, driven by rapid urban expansion, affects biodiversity, as well as 
ecosystem processes and services that depend on the diversity of species making up 
ecosystems (Loreau et al. 2001, Hooper et al. 2005, Grimm et al. 2008).  The most 
marked reductions of biodiversity can be seen in our cities, where ecosystem structure 
and function have been negatively affected by urbanization-induced environmental 
changes (Grimm et al. 2000, Hooper et al. 2005, Buyantuyev and Wu 2008, Litteral and 
Wu 2012).   
 
Similarities in the composition of urban landscapes (e.g., commercial, residential, 
roads, and remnant natural vegetation) tend to homogenize biotic communities 
worldwide, with a few urban adapted species dominating urban ecosystems whose 
resiliency is reduced by the lack of species functional redundancy (McKinney 2006, 
Grimm et al. 2008).  Moreover, the number and size of urban landscapes are dramatically 
increasing (Liu et al. 2014, Wu et al. 2014, Ma et al. 2016), making the examination of 
urban landscape development pattern important for evaluating the impacts of  
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urbanization on biodiversity conservation, and for promoting ecosystem services and 
sustainability (Wu 2014).   
 
Urban landscape patterns – including landscape composition (e.g., the number of 
patch types and their relative abundance), and landscape configuration (e.g., the size, 
geometry, and spatial arrangement of patches) – can affect animal movement, which 
often reduces native species diversity in urban areas, even for the most volant species 
such as birds and bats (Fahrig 2003, Duchamp and Swihart 2008, Litteral and Wu 2012, 
Mendes et al. 2016).  To date, urban biodiversity studies have been dominated by birds 
and arthropods, and few studies have focused on mammals (McKinney 2008, Wu 2014).  
Most bird studies indicate that habitat loss is more influential than habitat fragmentation 
per se where the composition or habitat area is the most important predictor of bird 
occurrence and species richness (Cushman and McGargal 2003, Hostetler and Knowles-
Yanez 2003, Litteral and Wu 2012).  Bird species richness decreases in urban 
environments relative to natural environments, but in urban areas species richness tends 
to peak in large high-quality habitat such as large native vegetation remnants or affluent 
residential neighborhoods.  Conversely, the urban core is dominated by a few 
opportunistic urban adapted species (McKinney 2002, Hostetler and Knowles-Yanez 
2003, Litteral and Wu 2012, Wu 2014).  
 
Importance of Bats  
Bats are among the most diverse mammals and arguable one of the most diverse 
mammals in urban landscapes (Kunz et al. 2011).  Insectivorous bats, members of the 
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suborder Yangochiroptera (Teeling et al. 2005, Lei and Dong 2016), provide an 
important ecosystem service as biological pest control, feeding on a variety of nocturnal 
insects and other arthropods (Kalka et al. 2008, Boyles et al. 2011, Kunz et al. 2011).  A 
single lactating female Mexican free-tailed bat (Tadarida brasiliensis) weighing 12 g can 
consume up to 70% of her body mass in insects each night (Kunz et al. 2011).  
Extrapolating this figure to an average colony of Mexican free-tailed bats, one million 
bats could consume 8.4 metric tons of insects in a single night (Kunz et al. 2011).  In 
North America, the economic value of bats to the agricultural industry is estimated at 
$3.7 billion dollars per year in reduced crop damage and pesticide use, reducing the need 
for the use of pesticides that would then enter ecosystems (Boyles et al. 2011).  Bats are 
also an important dietary component of predatory animals such as birds, reptiles and 
mammals (Kunz and Parsons 2009).   
 
Regrettably, some bat populations in North America are experiencing precipitous 
declines in response to anthropogenic changes (Kunz and Parsons 2009, Frick et al. 2010, 
Boyles et al. 2011, Kunz et al. 2011).  The overarching threat to bats is the loss of habitat 
while the spread of White-Nose Syndrome, an infectious disease caused by the fungus 
Pseudogymnoascus destructans, and high mortalities caused by current wind-energy 
facilities are leading threats to bat populations (Frick et al. 2010, Boyles et al. 2011, Kunz 
et al. 2011, Roscioni et al. 2014).  Despite the documented ecological and economic 
importance of bats, bat populations have been declining worldwide, and this may result in 
unpredictable changes in ecosystem processes and services (Boyles et al. 2011, Kunz et 
al. 2011).   
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Bats are often missing from management and conservation strategies due in part to the 
inherent challenges of studying highly variable, mobile, nocturnal animals (Hinman and 
Snow 2003, Limpert et al. 2009).  Additionally, bats are often perceived negatively by the 
public, which can further hinder conservation efforts.  However, understanding the 
effects of urbanization on bats will allow wildlife managers to answer important 
questions relevant to land-use planning and policy questions.  For example, how does the 
composition and spatial configuration of an urban landscape affect bat habitat use?  What 
cover types provide habitat requirements?  To what degree can bats tolerate urbanization, 
and which species are particularly sensitive to the effects of urbanization?  How can 
potential deleterious effects of urbanization on bats be minimized through land use 
planning and design?  Answering these questions will provide a better understanding of 
bat species dynamics and help preserve the ecosystem services that bats provide to 
society.   
 
Ecological Studies of Bats in Urban Landscapes 
Habitat Requirements for Bats  
Insectivorous bats may be particularly sensitive to the effects of urbanization due to 
the loss of habitat requirements: roosting habitat, foraging habitat, and drinking water 
(Gehrt and Chelsvig 2003, Duchamp and Swihart 2008, Luck et al. 2013).  It is not clear 
why some bats select urban environments and others do not, but the occurrence of bats in 
any location is dependent on the availability of shelter and food (Evelyn et al. 2004, 
Avila-Flores and Fenton 2005, Limpert et al. 2009).   
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Generally, the availability of roosting habitat is considered to be the strongest limiting 
factor for bat habitat use (Evelyn et al. 2004, Limpert et al. 2009, Ethier and Fahrig 2011) 
because bats select roosting sites for specific criteria such as microclimatic conditions 
and roost structure (Lewis 1995, Fenton 1997, Boyles 2007, Neubaum et al. 2007, 
Mering and Chambers 2014).  Conversely, bats are generally considered to be less 
selective of foraging habitat because they opportunistically feed on a wide variety of prey 
according to their availability (Ethier and Fahrig 2011, Kunz et al. 2011, Hagen and Sabo 
2012).  Bats are also strongly correlated with arthropod abundance (Kalka et al. 2008, 
Kunz et al. 2011).  Thus, urban areas that support concentrations of arthropods and other 
insects should be foraging areas for bats. 
 
Bats require drinking water for survival, but its relative importance is not well known 
(Rabe and Rosenstock 2005, Tuttle et al. 2006, Adams and Hayes 2008), and can vary 
among climatic conditions (Adams and Hayes 2008).  In hot arid climates like the 
southwestern US, where the availability of surface water is limited, water may be an 
equally important resource to that of roosting and foraging habitat (Rabe and Rosenstock 
2005, Tuttle et al. 2006, Ethier and Fahrig 2011, Hagen and Sabo 2012). For instance, 
high ambient temperature and low relative humidity cause high rates of daily evaporative 
water loss in bats, which must be replenished in part by drinking (Tuttle et al. 2006, 
Adams and Hayes 2008).  Under these conditions, some bats may loss as much as 30% of 
their body water over a 12-hour period (Webb et al. 1995, Tuttle et al. 2006, Adams and 
Hayes 2008, Rainho and Palmeirim 2011).  
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In addition to accessible drinking water, the proximity to water may also influence the 
selection of roosting and foraging habitat for some bats (Evelyn et al. 2004, Ober and 
Hayes 2008, Hagen and Sabo 2011, Rainho and Palmeirim 2011).  In natural 
environments, rivers and riparian areas are important foraging habitat for bats because 
insect abundance is high in adjacent vegetation and over water, and waterways are 
flyways for movement (Ober and Hayes 2008, Hagen and Sabo 2011).  Additionally, 
some bats tend to roost close to water, and bats also require a diversity of water 
conditions that can be accessible by species with different morphological characteristics  
(Evelyn et al. 2004, Rabe and Rosenstock 2005, Tuttle et al. 2006, Duchamp and Swihart 
2008, Limpert et al. 2009).  Thus, urban landscapes that have a diversity of water 
conditions in proximity to roosting and foraging habitat, as well as provide connectivity 
among resources should be areas of high overall bat activity and species richness.   
 
Key Factors Affecting Bats in an Urban Environment 
Habitat requirements for bats may be altered in different ways in an urban 
environment.  The key factor affecting bats in an urban environment, like other taxa, is 
the loss of habitat, which has a strong negative effect on overall bat activity and species 
richness (Fahrig 2003, Ethier and Fahrig 2011).  Bats in an urban environment are also 
affected by fragmentation per se – implying an increased number of smaller patches and 
increased isolation of patches –  of remaining bat habitat (Fahrig 2003, Ethier and Fahrig 
2011).  However, the process of fragmentation may have a positive or a negative effect 
on overall bat activity and species richness (Fahrig 2003, Ethier and Fahrig 2011).   
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Examination of the composition and configuration of fragmented bat habitat is essential 
to understanding bat habitat use in an urban environment.   
 
Because bats are mobile, it is commonly assumed that they can easily traverse the 
urban matrix mitigating potential negative effects of urban fragmentation (Gehrt and 
Chelsvig 2003).  However, barriers such as roads make animal movement difficult, and 
more costly energetically in fragmented landscapes (Johnson et al. 1992, Lintott et al. 
2015).  The urban environment may increase the abundance of roosting habitat for bats 
that use man-made structures such as buildings and bridges (Wolf and Shaw 2002, 
Evelyn et al. 2004, Avila-Flores and Fenton 2005).  However, human disturbance and 
exclusion practices may reduce the availability of suitable roosts for bats such as the 
Mexican free-tail bat, big brown bat (Eptesicus fuscus), and Yuma myotis (Myotis 
yumanensis) (Wolf and Shaw 2002, Evelyn et al. 2004, Avila-Flores and Fenton 2005).  
Likewise, the urban environment may increase the abundance of water sources (e.g., 
irrigation ditches, pools, canals, and golf course ponds), but pesticide use, stormwater 
pollution, and alterations of historic hydrologic regimes may directly or indirectly affect 
bat populations or prey abundance (Evelyn et al. 2004, Rabe and Rosenstock 2005, 
Boyles et al. 2011, Kunz et al. 2011, Hagen and Sabo 2014).   
 
Soundscape ecology recognizes urban landscapes create a ‘sound footprint’ 
(Pijanowski et al. 2011) analogous to the effects of light.  Thus, human-altered acoustic 
environments may be a novel selective force that can affect communication patterns and 
behavior of sound sensitive species, including people (Pijanowski et al. 2011, Rocaa et al. 
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2016).  Alterations of bat habitat in the physical environment and the acoustic 
environment may have potential negative effects on the bats that rely on these areas year 
after year (Evelyn et al. 2004, Duchamp and Swihart 2008, Schaub et al. 2008, 
Pijanowski et al. 2011).   
 
Anthropogenic noise may impede bat echolocation calls and prey capture, as well as 
other sound related behaviors (e.g., interspecific competition, social calls and mating) 
(Bunkley et al. 2015).  Traffic and traffic noise affect bat activity and foraging activity 
beyond the structural boundaries of the road (10-15 m) (Schaub et al. 2008, Zurcher et al. 
2010).  Bunkley et al. (2015), found that loud compressor stations associated with natural 
gas extraction led to a marked reduction in activity for bats emitting low frequency 
echolocation calls (< 35 kHz) such as the Mexican free-tail bat, compared to quieter 
stations with no change in activity for bats emitting high frequency calls (> 35 kHz), such 
as the canyon bat (Parastrellus hesperus).  Other species also respond to the human-
acoustic environment; a meta-analysis of bird and anuran (frog and toad) species 
indicated that urban song birds shifted their song frequencies in response to 
anthropogenic noise, but anurans were less prone to frequency shifts (Rocaa et al. 2016).   
 
Urban environments can also create conditions that are beneficial to bats (Gehrt and 
Chelsvig 2003, Duchamp and Swihart 2008, Hourigan et al. 2010, Luck et al. 2013).  For 
example, urban green spaces and native vegetation fragments can provide complementary 
resources for bats and other wildlife (Loeb et al. 2009, Goddard et al. 2010, Threlfall et 
al. 2016).  In the Phoenix metropolitan region, Buyantuyev and Wu (2008) found that 
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arid urban environments have increased regional net primary production (NPP) (e.g., 
agriculture, cultivated grasses, and high-density urban vegetation cover types).  
Therefore, in arid urban environments vegetation should stays greener for longer periods 
of time, which should increase concentrations of prey that are available for longer periods 
of time, providing reliable foraging habitat for bats (Ober and Hayes 2008, Hagen and 
Sabo 2012, Threlfall et al. 2016).  Urban environments may also increase the availability 
of water sources (Rabe and Rosenstock 2005, Tuttle et al. 2006), and urban waterways 
may act as suitable flyways for movement through the urban matrix (Everette et al. 2001, 
Lintott et al. 2015).  Some bats also take advantage of artificial concentrations of insects, 
consuming insects under streetlights (Kurta and Teramino 1992, Avila-Flores and Fenton 
2005, Hourigan et al. 2006), but some bats may be light sensitive, and therefore, 
disadvantaged in urban landscapes (McGuire and Fenton 2010, Rainho and Palmeirim 
2011, Lacoeuilhe et al. 2014).  
 
Acoustic Monitoring of Bats in an Urban Landscape 
Bats exhibit considerable plasticity in their echolocation calls, changing their calls to 
meet the needs of each task (e.g., commuting, foraging, intraspecific communication, and 
other sound related behaviors) (Kunz and Parsons 2009).  Acoustic monitoring of bat 
calls is a well-established method, that provides a useful means of assessing relative bat 
habitat use across different cover types, and to detect species (O'Farrell et al. 1999, Gehrt 
and Chelsvig 2003, 2004, Gorresen et al. 2005, Kunz and Parsons 2009).  Acoustic 
studies are especially useful in urban landscapes where capture efforts, typically 
conducted over water, are not possible (Gehrt and Chelsvig 2003, Duchamp and Swihart 
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2008, Kunz and Parsons 2009).  When using acoustic monitoring it is not possible to 
distinguish if one individual or multiple individuals were recorded across the data set 
(Hayes 1997, O'Farrell et al. 1999).  For this reason, acoustic monitoring is a measure of 
the relative amount of use of a cover type, and not a proxy for abundance (Hayes 1997, 
O'Farrell et al. 1999, Brigham et al. 2004, Kunz and Parsons 2009).  Acoustic monitoring 
data varies both spatially and temporally (Hayes 1997, O'Farrell et al. 1999, Kunz and 
Parsons 2009).  Thus, replication efforts are used to account for the spatio-temperal 
variations (e.g., maintain spatially independent sites, and account for nightly conditions 
that can influence bat activity such as temperate or prey abundance) (Hayes 1997, 
O'Farrell et al. 1999, Kunz and Parsons 2009).  
 
A call is an individual, discrete vocal pulse, and call sequence is a series of 
consecutive calls produced by a bat (O'Farrell et al. 1999).  Each call and call sequence 
has a frequency range (kHz), a duration (time in milliseconds), and shape (curvilinear to 
distinctly bilinear, also referred to as narrow or broad bandwidth) (O'Farrell et al. 1999).  
Thus, a call sequence produced by a bat exhibits species-specific characteristics in 
frequency, duration and shape (Table 1).  The number of call sequences is a proxy for bat 
activity, which indicates a bat is commuting (or passing) through a habitat patch, and is a 
measure of time spent in a cover type (Johnson 1980, O'Farrell et al. 1999).   
 
Foraging activity indicated by a feeding buzz, is biologically relevant because it 
signifies a bat has attempted to capture prey in the cover type, and is a measure of time 
spent foraging (Corben and Livengood 2009, Kunz and Parsons 2009).  A feeding buzz is 
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a component of a call sequence, recognized as a characteristic change in frequency, 
duration, and shape of calls showing the search, attack and feeding buzz phase 
corresponding to the tracking and capture of prey  (Brigham et al. 2004, Avila-Flores and 
Fenton 2005, Hourigan et al. 2006, Threlfall et al. 2012a).  Moreover, the structure of a 
feeding buzz is relatively uniform across species making them identifiable when present 
and multiple feeding buzzes can be present within a call sequence.   Identifying cover 
types that support foraging activity is of considerable importance to understanding bat 
habitat use in an urban environment to inform urban land-use planning and conservation 
efforts.  
 
Key Ecological Studies of Bats in Urban Landscapes 
In the last decade a series of studies have begun to inform our understanding of how 
bats respond to urban landscapes, many of which have been conducted by researchers 
from Australia (Hourigan et al. 2006, Hourigan et al. 2010, Threlfall et al. 2011, Luck et 
al. 2013) and North America (Kurta and Teramino 1992, Gehrt and Chelsvig 2003, 
Evelyn et al. 2004, Gehrt and Chelsvig 2004, Duchamp and Swihart 2008).  There also 
seemed to be a surge of studies in recent years from around the globe, that have examined 
how bats respond to rapid urban expansion (Roscioni et al. 2014, Bunkley et al. 2015, 
Ducci et al. 2015, Lintott et al. 2016, Mendes et al. 2016, Threlfall et al. 2016).  The 
current body of research showed bat activity and species richness decreased in highly 
urbanized areas, and increased bat activity and species richness was in less urbanized 
areas that are well vegetated (Duchamp and Swihart 2008, Hourigan et al. 2010, Luck et 
al. 2013).  However, the effects of urbanization on bat habitat use in less urbanized areas 
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have been mixed, and the underlying causes for this phenomenon remain unclear.  
Studies have identified multiple possible factors: species-specific response to urban 
landscapes, the context of the urban landscape, and differences in methods (Gehrt and 
Chelsvig 2003, 2004, Duchamp and Swihart 2008).  
 
 Work in Australia, found that bat activity and species richness increased in low-
density residential areas with tree cover and/or in proximity to native vegetation 
remnants, and decreased in high-density residential areas (Hourigan et al. 2010, Threlfall 
et al. 2012b, Luck et al. 2013).  These areas may also have increased residential green 
spaces (Hourigan et al. 2010, Threlfall et al. 2012b, Luck et al. 2013).  In contrast, in 
Illinois, Gehrt and Chelsvig (2003, 2004) found bat activity and species richness 
increased near urban areas with forest fragments than in rural areas, and concluded that 
urban areas may provide islands of habitat in an agricultural dominated landscape.  In a 
comparable study in Indiana, (the same region and landscape context) Duchamp and 
Swihart (2008) found that overall species richness was positively correlated with the 
amount of forest fragments within urban areas, but in contrast to the results of Gehrt and 
Chelsvig (2003, 2004) overall species richness was negatively correlated with the amount 
of urban development.  Duchamp and Swihart (2008) found that species better adapted to 
flight in open areas (areas that are abundant in this region) were positively correlated with 
the total urban area, whereas clutter-adapted species were positively correlated with the 
amount of forests in urban areas; and concluded that clutter-adapted species may be more 
sensitive to the effects of urbanization (Duchamp and Swihart 2008).  Although, study 
methods differed between the two studies, both studies supported the conservation value 
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of forest fragments in urban areas for bats (Gehrt and Chelsvig 2003, 2004, Duchamp and 
Swihart 2008).  
 
A number of urban cover types had high levels of bat activity and species richness 
such as urban parks, green spaces, water bodies, native vegetation remnants, rural areas, 
and low-density residential areas (Kurta and Teramino 1992, Everette et al. 2001, Evelyn 
et al. 2004, Avila-Flores and Fenton 2005, Loeb et al. 2009, Hourigan et al. 2010). 
Conversely, industrial and commercial cover types with little surface water or vegetation 
to support concentrations of prey should have low overall bat activity and species 
richness (Duchamp and Swihart 2008, Hourigan et al. 2010, Luck et al. 2013).  This 
suggests the potential utility of these urban cover types to provide habitat for bats, as well 
as areas of overlap for other wildlife.  
 
Urban environments caused changes in bat community structure.  A few opportunistic 
species such as the big brown bat, and the Mexican free-tail bat tended to dominate urban 
areas (Everette et al. 2001, Gehrt and Chelsvig 2004, Avila-Flores and Fenton 2005, 
McKinney 2006, Loeb et al. 2009, Hourigan et al. 2010).  Well vegetated urban areas 
provided refuges for some species, including rare or elusive species  (Gehrt and Chelsvig 
2004, Loeb et al. 2009).  Two foraging strategies tended to dominate urban areas: 1) 
open-habitat foragers - fast, agile flyers with long, narrow wings, and have a low 
energetic cost of flight, and 2) clutter-habitat foragers – slower, more maneuverable bats 
with short, broad wings, and have a high energetic cost of flight (Duchamp and Swihart 
2008).  
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Landscape Ecology of Bats in Urban Landscapes 
The study of landscape composition and configuration and their influence on 
ecological processes across multiple spatial scales is central to landscape ecology (Wu 
and Hobbs 2002, Wu et al. 2013).  Bat habitat use may occur as a series of decisions 
made across hierarchically nested scales (e.g., landscape/regional, home range, and site 
scales) (Johnson 1980, Gorresen et al. 2005, McGarigal et al. 2013, McGarigal et al. 
2016).  For example, a bat exhibiting high fidelity to a small water body at the site scale 
may simultaneously be aware of vegetation cover discernable in flight at the landscape 
scale (Gorresen et al. 2005, McGarigal et al. 2013, Ducci et al. 2015).  When 
characteristic scales of pattern and process are unknown, the examination of multiple 
scales is necessary to understand the anthropogenic effects on biodiversity (Wu and 
Loucks 1995, Wu 2004, Gorresen et al. 2005, McGarigal et al. 2016).   
 
Little is known about the home range of bats (Gorresen et al. 2005, Johnson et al. 
2008, Klingbeil and Willig 2009, Ethier and Fahrig 2011), or the scales at which bats 
perceive natural or urban landscapes (Gehrt and Chelsvig 2003, Evelyn et al. 2004, Gehrt 
and Chelsvig 2004, Gorresen et al. 2005, Duff and Morrell 2007).  The home range scale 
should be the minimum scale that will encompass habitat requirements.  I selected three 
hierarchical scales to elucidate the scales at which bats perceive their environment in a 
dispersed urban matrix, with the intent of capturing the landscape or regional distribution 
scale, the home range scale, and the site scale (3000 m, 1500 m, and 180 m), all of which 
may be relevant to the bats associated with my study area (Gehrt and Chelsvig 2003, 
Evelyn et al. 2004, Gehrt and Chelsvig 2004, Gorresen et al. 2005, Duff and Morrell 
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2007).  The broad scales (3000 m and 15000 m) may also encompass the home range of 
bats with differing mobility.  Examination of the limits of the home range of bats in a 
dispersed urban environment should provide valuable knowledge about how bat behavior 
is affected by urbanization. 
 
There are a growing number of studies examining the scale dependence of bat habitat 
use (Gehrt and Chelsvig 2003, Gorresen et al. 2005, Johnson et al. 2008, Ober and Hayes 
2008, Limpert et al. 2009, Ethier and Fahrig 2011, Dixon 2012, Ducci et al. 2015, 
Chambers et al. 2016, Charbonnier et al. 2016, Lintott et al. 2016, Mendes et al. 2016), 
but such research on bats is still rather limited.  The scale dependence of habitat use 
occurred at both broad and fine scales (Gorresen et al. 2005, Chambers et al. 2016, 
Mendes et al. 2016).  At broad scales, bats are thought to respond to the configuration of 
landscape features that provided required resources and landscape connectivity (Gorresen 
et al. 2005, Ethier and Fahrig 2011, Chambers et al. 2016, Lintott et al. 2016, Mendes et 
al. 2016).  At fine scales, bats are thought to respond to microhabitat characteristics, such 
as the availability of prey, water, vegetation, and roosting sites (Gehrt and Chelsvig 2003, 
Evelyn et al. 2004, Limpert et al. 2009, Chambers et al. 2016, Charbonnier et al. 2016, 
Mendes et al. 2016).  The relationship between habitat use and scale is context specific, 
and can vary among functional guilds and feeding guild (Gorresen et al. 2005, Ethier and 
Fahrig 2011, Ducci et al. 2015, Chambers et al. 2016, Charbonnier et al. 2016, McGarigal 
et al. 2016).  Therefore, a multi-scale approach based on empirical data will be more 
representative of a bat’s perception of the landscape than a single-scaled approach 
(Gorresen et al. 2005, McGarigal et al. 2016).   
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Natural landscapes with access to habitat resources in close proximity to each other 
should have high overall bat activity and species richness, and bats may move less in 
these areas due to the proximity of resources (Ethier and Fahrig 2011, Mendes et al. 
2016).  The term “landscape complementation” describes the extent to which a landscape 
facilitates movement (or access) between required resources (Ethier and Fahrig 2011).  
The fragmented nature of urban landscapes should provide access to connected areas that 
have interspersed patches of habitats (i.e., landscape complementation) (Ethier and 
Fahrig 2011).  Examination of the attributes and connectedness of habitats is important to 
understanding bat habitat use in urban landscapes. 
 
Bats of Arizona Using Urban Areas 
Little study has been done on the effects of urbanization on bats in Arizona where land 
conversion is the primary threat, and the effects of urbanization on bats in arid desert 
climates is poorly understood (Hinman and Snow 2003).  Arizona has 28 species 
representing four families, second only to Texas with 34 species (Bat Conservation 
International 2016).  The Phoenix metropolitan region is an excellent laboratory to study 
the effects of urbanization on bats because it supports such a rich diversity of bats, and is 
experiencing rapid urban expansion exhibiting a dispersed urbanization pattern.  The 
effects of urbanization on bats are not known, hindered by the lack of understanding of 
basic natural history of bat species in this region, and is therefore, a primary concern for 
conservations efforts within Arizona (Hinman and Snow 2003).   
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 Wolf and Shaw (2002) conducted a study of bridge-roosting bats along a gradient of 
urbanization in the Tucson metropolitan region, , Arizona’s second largest city. Wolf and 
Shaw (2002) found rural bridges had higher species richness than urban bridges, counts 
included active roosting and bats active in the immediate area.  The urban bridges near 
the city core supported a maximum of two species: Mexican free-tail bat and big brown 
bat, and the rural bridges supported up to five species: Mexican free-tail bat, canyon bat, 
cave myotis (Myotis velifer), California myotis (Myotis californicus), and Yuma myotis.  
The bridges with the highest species richness were located at the urban-agricultural 
interface and adjacent to natural open desert areas (Wolf and Shaw 2002).  In Las Vegas, 
Nevada, , a comparable arid desert city, O’Farrell (2003) found bat activity decreased 
within the urban core and the highest activity was at the periphery of the city (Altenbach 
et al. 2003). 
 
Arizona has 11 bats thought to use habitat resources within the Phoenix metropolitan 
region (Table 1) (Hinman and Snow 2003, A. McIntire, Bat Specialist, Terrestrial 
Wildlife Branch, Arizona Game and Fish Department, Personal Communication May 12, 
2009).  However, other bats of Arizona may utilize the urban environment that have not 
been documented as of the date of the current study.  Myotis species have similar call 
characteristics; therefore, are often grouped based on their characteristic call frequencies 
(i.e., 40 kHz myotis and the 50 kHz myotis) (O'Farrell et al. 1999, Corben and Livengood 
2009).  All the bats in the study area are insectivorous.  
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Table 1 Bat species expected to utilize urban areas within the Phoenix metropolitan region (Hinman and Snow 2003, A. McIntire, Bat Specialist, 
Terrestrial Wildlife Branch, Arizona Game and Fish Department, Personal Communication May 12, 2009). Foraging guild abbreviations: AI = Aerial 
Insectivore, AF = Aerial Forager, AG = Aerial Gleaner, GI = Gleaning Insectivore. Frequency and call characteristics information was obtained from 
Corben and Livengood (2009). Feeding guild and behavior information was obtained from Everette et al. (2001), Hinman and Snow (2003), O’Shea and 
Bogan (2003), and Evelyn et al. (2004).  
Scientific 
name 
Common 
name Family 
Feeding 
guild 
Characteristic call 
frequency (kHz) Call characteristics Behavior 
Antrozous 
pallidus  
Pallid bat Vespertilionidae GI/ AG  25 Calls always very steep. 
Confusing species: 
Mexican free-tailed bat, 
and the big brown bat.  
Forages in open habitat and fallow 
agricultural land. Roosting 
habitats: buildings, caves/mines, 
rock crevices and bridges.  
Eptesicus 
fuscus  
Big brown 
bat 
Vespertilionidae AI/ AF 30-25 Search-phase call 
sequence shows a high 
degree of uniformity. 
Can be difficult to 
identify from the 
Mexican free-tailed bat 
in clutter (i.e., built 
structures or vegetation). 
Common in urban areas. A 
generalist species. Commonly 
found in agricultural areas. Can 
travel long distances and may 
travel from natural areas to urban 
areas or vice versa, traveling up to 
9 – 19 km. Roosting habitat: 
buildings, caves/mines, bridges, 
and other. 
Eumops 
perotis  
Greater 
western 
mastiff bat 
Molossidae AI/AF 7 Extremely distinctive 
calls at low frequency. 
Shows high fidelity to large open 
water sources (> 30 m) and to cliff 
habitat to get proper lift. Roost 
sites are associated with mine and 
excavation sites and are close to 
high fidelity water sources. Travels 
long distances to forage 25 km. 
Roosting habitat: buildings and 
rock crevices.  
Lasiurus 
blossevillii 
 
Western red 
bat 
Vespertilionidae AI/AF 50-40 Hooked shaped calls 
with erratic changes in 
frequency and the shape. 
Confused with the 
canyon bat, the western 
yellow bat, and 40 kHz 
myotis. 
Not attracted to man-made 
structures, solitary, migrates, and 
hunts in open tree tops. Roosting 
habitat: foliage and bridges. 
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Scientific 
name 
Common 
name Family 
Feeding 
guild 
Characteristic call 
frequency (kHz) Call characteristics Behavior 
Lasiurus 
xanthinus 
Western 
yellow bat 
Vespertilionidae AI/ AF 35 Hooked shaped calls that 
jump around in 
frequency and shape, but 
are less exaggerated in 
this species compared to 
other Lasiurus species. 
Does not migrate, may be 
expanding range due to untrimmed 
ornamental palm trees in urban 
areas. Roosts in foliage.   
Myotis 
californicus 
California 
myotis 
Vespertilionidae AI/AF 50 50 kHz myotis, very 
steep calls. Very difficult 
to distinguish from 
California myotis. 
Hunts near foliage, edges and open 
habitat. Roosting habitat: buildings, 
cave/mines, and tree cavities /bark 
crevices.  
Myotis velifer Cave bat Vespertilionidae AI/AF  40 40 kHz myotis, steep 
calls, very difficult to 
distinguish from other 40 
kHz myotis.  
Forages most often over water and 
in open areas. Can hunt low in 
vegetation. Roosting habitat: 
buildings, cave/mines, and bridges. 
Myotis 
yumanensis 
Yuma myotis Vespertilionidae AI/AF 50 50 kHz myotis, steep 
calls slightly lesser than 
California myotis. Very 
difficult to distinguish 
from the California 
myotis.  
Most often found foraging over 
near water and open habitat. Linear 
home range, and 2000 m average 
distance between roost, may be 
limited by suitable roost near water 
site. Uses man-made structures. 
Roosting habitat: buildings, 
cave/mines, rock crevices, bridges, 
and other. 
Nyctinomops 
femorosaccus 
Pocketed 
free-tailed bat 
Molossidae AI/ AF 16 Low frequency calls, can 
range from steep calls in 
clutter to flat calls in no 
clutter having a 
backslash- type 
appearance. 
Probably does not migrate, may go 
into torpor. Can travel up to 25 km. 
Roosting habitat: buildings, 
caves/mines, and rock crevices.  
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Scientific 
name 
Common 
name Family 
Feeding 
guild 
Characteristic call 
frequency (kHz) Call characteristics Behavior 
Parastrellus 
hesperus 
Canyon bat Vespertilionidae AI/ AF 45 Very distinctive, uniform 
low slow slope call 
sequence. Confusing 
species 50 kHz myotis. 
Arizona’s smallest bat, and 
common in urban areas. Usually 
roost near water, easily blown off 
course, may uses linear structures 
for protection from wind and 
predators. Roosting habitat: 
buildings, cave/mines, and bridges. 
Flight pattern resembles a butterfly 
flying and one of the few bats that 
can be identified visually.  
Tadarida 
brasiliensis 
Mexican free-
tailed bat 
Molossidae AI/AF  25-20 Highly variable, with 
commuting calls with a 
low slope can appear flat 
in shape. Calls in clutter 
are difficult to 
distinguish from the big 
brown bat. 
Common bat in urban areas. Agile 
flyer and hunts over water and 
agriculture. Migratory species that 
commutes long distances (25 – 50 
km), which may aid dispersal in 
fragmented landscapes. Roosting 
habitat: buildings, cave/mines, and 
bridges. 
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Main Purpose of This Study 
The main purpose of this study is to understand the relationship between bat habitat 
use, and landscape pattern across multiple scales in the Phoenix metropolitan region – 
one of the most rapidly urbanizing landscapes in the US (Figure 1).  Examination of the 
relationship between urban landscape composition and configuration, and bat activity, 
foraging activity, and species richness (response variables) will elucidate how bats 
respond to the urban environment.  To achieve this purpose, I used a multi-scale 
landscape approach to quantify the landscape composition and configuration for three 
scale, 180 m, 1500 m and 3000 m, with the intent of capturing the scales at which urban 
landscape pattern influences bat habitat use.  I used an information-theoretic (I-T) 
approach based on acoustic monitoring data to create predictive models that identify the 
most important predictor variables that influenced predicted values of bat activity, 
foraging activity, and species richness across the study area.  
 
This is the first study to examine the effects of urbanization on bats in the Phoenix 
metropolitan region – a highly, dispersed urban landscape.  This is also the first study to 
examine the effects of urbanization on insectivorous bats in the hot arid desert climate of 
the southwestern US.  It is expected to provide new and useful scientific evidence to 
reveal relevant scales of bat habitat use for better understanding urban bat activities, and 
the habitats that they use to inform the conservation of bats in urban landscapes.  The 
results of this study have been organized to address data gaps, and provide  
recommendations for the management and conservation of bats inhabiting an urban 
desert city.  
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Research Questions and Hypotheses  
To accomplish the main purpose of this study I have defined two specific research 
questions: 
• Research Question #1: How does landscape composition and configuration affect 
bat activity and foraging activity in an urban environment? 
• Research Question #2: How does landscape composition and configuration affect 
species richness in an urban environment? 
 
Based on the above research questions, I have developed several hypotheses as follows: 
• Hypothesis #1: The abundance of natural vegetation remnants is positively 
correlated with bat activity, foraging activity and species richness.  This is 
reasonable since native vegetation should support insects and other arthropod 
populations (prey) that are relatively similar to the lowland desert habitat, and 
the mountainous native vegetation remnants should provide natural roosting 
sites, thereby increasing overall bat habitat use within this cover type.  
• Hypothesis #2: Golf courses with water sources are positively correlated with 
overall bat activity.  This hypothesis is based on the general observation that 
cover types with a reliable water source should have increased overall bat 
activity and species richness.  Additionally, the configuration and the 
characteristics of golf courses (e.g., long green fairways, golf course pond, 
and edge vegetation) will also contribute to the use of this cover type.  This is 
plausible because golf courses should have prime foraging habitat accessible 
to a variety of bats with differing foraging strategies, and have water and 
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vegetation necessary to support concentrations of prey. 
• Hypothesis #3: Highly urbanized cover types such as commercial and 
industrial areas will have decreased bat habitat use due to the lack of adequate 
vegetation to support prey abundance, which should result in low or no overall 
bat activity in these cover types.  
• Hypothesis #4: The spatial scale that is commensurate with the home range of 
bats is the most effective and relevant scale for detecting, and understanding 
overall bat activity.  This is because the home range scale is probably the 
minimum spatial extent to capture required bat habitat (roosting habitat, 
foraging habitat, and drinkable water).  
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Figure 1 Initial thesis research flow chart: Effects of urbanization on bat habitat use in the Phoenix 
metropolitan region, showing the purpose, research questions, and methods that will be used to address the 
main purpose of the study. 
 
 
 
 25 
CHAPTER 2 
EFFECTS OF URBANIZATION ON BAT HABITAT USE IN THE PHOENIX 
METROPOLITAN REGION: A MULTI-SCALE LANDSCAPE ANALYSIS 
 
Abstract 
Context – Urbanization can have negative effects on bat habitat use through the loss and 
isolation of habitat even for volant bats.  Yet, how bats respond to the changing landscape 
composition and configuration of urban environments remains poorly understood.  
 
Objective – This study examines the relationship between bat habitat use and landscape 
pattern across multiple scales in the Phoenix metropolitan region.  My research explores 
how landscape composition and configuration affects bat activity, foraging activity, and 
species richness (response variables), and the distinct habitats that they use. 
 
Methods – I used a multi-scale landscape approach and acoustic monitoring data to create 
predictive models that identified the key predictor variables across multiple scales within 
the study area.  I selected three scales with the intent of capturing the landscape, home 
range, and site scales, which may all be relevant for understanding bat habitat use.  
 
Results –  Overall, class-level metrics and configuration metrics best explained bat 
habitat use for bat species associated with this urban setting.  The extent and 
extensiveness of water (corresponding to small water bodies and watercourses) were the 
most important predictor variables across all response variables.  Bat activity was 
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predicted to be high in native vegetation remnants, and low in native vegetation at the 
city periphery.  Foraging activity was predicted to be high in fine-scale land cover 
heterogeneity.  Species richness was predicted to be high in golf courses, and low in 
commercial areas.  Bat habitat use was affected by urban landscape pattern mainly at the 
landscape and site scale.  
 
Conclusions – My results suggested in hot arid urban landscapes water is a limiting factor 
for bats, even in urban landscapes where the availability of water may be greater than in 
outlying native desert habitat.  Golf courses had the highest species richness, and 
included the detection of the uncommon pocketed free-tailed bat. Water cover types had 
the second highest species richness.  Golf courses may serve as important stop-overs or 
refuges for rare or elusive bats.  Urban waterways and golf courses are novel urban cover 
types that can serve as compliments to urban preserves, and other green spaces for bat 
conservation and other wildlife.  
 
Introduction  
The study of landscape composition and configuration, and their influence on 
ecological processes across multiple spatial scales is central to landscape ecology (Wu 
and Hobbs 2002, Wu et al. 2013).  Urban landscape patterns – including landscape 
composition (e.g., the number of patch types and their relative abundance), and landscape 
configuration (e.g., the size, geometry, and spatial arrangement of patches) – can affect 
animal movement, which often reduces native species diversity in urban areas, even for 
the most volant species such as birds and bats (Fahrig 2003, Duchamp and Swihart 2008, 
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Litteral and Wu 2012, Mendes et al. 2016).  Insectivorous bats, members of the suborder 
Yangochiroptera (Teeling et al. 2005, Lei and Dong 2016), provide an important 
ecosystem service as biological pest control agents, feeding on a variety of nocturnal 
insects and other arthropods (Kalka et al. 2008, Boyles et al. 2011, Kunz et al. 2011).  
Urban environments can create conditions that are beneficial to some bats, but also create 
conditions that are detrimental to rare or sensitive species (Gehrt and Chelsvig 2003, 
Duchamp and Swihart 2008, Hourigan et al. 2010, Luck et al. 2013).  Examination of the 
effects of urbanization on insectivorous bats will provide a better understanding of bat 
species dynamics, and help preserve the ecosystem services that bats provide to society.   
 
Methods  
Study Area  
The study area is the Phoenix metropolitan region, Maricopa County, Arizona, located 
in the southwestern US, situated in the northern part of the Sonoran Desert in south-
central Arizona (33.4277° N, 112.004° W) (Figure 2).  This region has a hot dry climate, 
characterized by hot summers and mild winters with two distinct rainy seasons in 
summer and winter (Roach et al. 2008, Wu et al. 2011).  The average summer 
temperature is 30.8 °C and the average winter temperature is 11.3 °C, with an annual 
precipitation of 180 mm (Roach et al. 2008, Wu et al. 2011).  The Phoenix metropolitan 
region (elevation 337 m) is located in the Basin and Range Physiographic province, 
characterized by broad alluvial valleys surrounded by elongated mountain ranges 
trending to the northwest with remnant mountain ranges within the urban landscape 
(Arizona Bureau of Mines and US Geological Survey 1969).  The arid climate supports 
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desert biological communities of the Sonoran Desert scrub: Arizona Upland subdivision 
with Paloverde-Mixed Cacti series and Lower Colorado River subdivision with 
Creosotebush-Bursage series, and are the dominate remnant vegetation series within the 
metropolitan region (Buyantuyev et al. 2010, Wu et al. 2011).  
 
The Phoenix metropolitan region is situated at the confluence of the Gila and Salt 
Rivers, called the Salt River Valley (the Valley).  Drainage is southward and westward 
respectively, when the rivers are flowing.  Both rivers are characterized as dry riverbeds 
with managed perennial flow where dams and urban development have altered historical 
hydrological regimes (Roach et al. 2008).  The Salt River was an important source of 
water driving early landscape development and population growth (Knowles-Yánez et al. 
1999, Wu et al. 2011).  Historically, the Hohokam civilization (beginning in 500–700 
AD) settled the Valley and excavated canals along the Salt River to water crops 
(Knowles-Yánez et al. 1999, Wu et al. 2011).  Re-settlement of this region began in the 
late 1800s when agricultural activities became prominent due to the re-excavation and 
extension of these prehistoric Hohokam canals (Knowles-Yánez et al. 1999, Wu et al. 
2011).  Because the growing season is so dry, agriculture in the Valley continues to rely 
on irrigation (Knowles-Yánez et al. 1999, Roach et al. 2008).  Currently, the Central 
Arizona Project canal system, diverting water from the Colorado River, is an influence on 
landscape development and population growth, supplying water to the majority of 
Arizona’s population and agricultural lands (Roach et al. 2008).  The Phoenix 
metropolitan region has 291 km of canals, more than Venice with 205 km, that extend 
across the city (Ellin et al. 2009).  
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The Phoenix metropolitan region is among the fastest growing cities in the US and 
spans approximately 2.4 million hectares with a total population of approximately four 
million (Luck and Wu 2002, Buyantuyev and Wu 2008, Wu et al. 2011).  The city’s 
development pattern is dispersed urbanization also referred to as ‘urban sprawl’, and is 
highly correlated to population growth (Luck and Wu 2002, Grimm et al. 2008).  Early 
urban expansion involved the conversion of open desert to agriculture and agriculture to 
urban and, more recently, open desert and agriculture to urban land use (Grimm et al. 
2000, Jenerette and Wu 2001, Luck and Wu 2002).  The resulting urban landscape 
pattern is a patchwork of competing cover types that generally shift from desert to 
agriculture, to residential-urban, to agriculture and then back to desert along an east-west 
urbanization gradient (Luck and Wu 2002).  
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Figure 2 Study area orientation map for the Phoenix metropolitan region (reclassified 2005 CAP-LTER 
land cover classification map), showing the sampling sites in black triangles, and the distribution of 
seven reclassified cover types: agriculture, cultivated grass (golf courses), water, vacant land, natural 
vegetation, commercial and residential. Sampling sites were monitored from May to October 2010.  
 
Land Use and Land Cover Map  
I used the 2005 land cover classification map of central Arizona-Phoenix and created 
by the Central Arizona-Phoenix Long-Term Ecological Research project (CAP-LTER) 
Phoenix 
   31 
using Landsat Enhanced Thematic Mapper (ETM) imagery (Buyantuyev 2005).  I added 
a clip of a satellite-derived estimate of artificial lakes in 2000 for the Phoenix 
metropolitan region to the land cover map also created by the CAP-LTER (Larson 2000).  
The land cover map has 13 cover types that I reclassified into seven cover types 
determined to be the most relevant to bats based on a prior ecological knowledge: 
agriculture, cultivated grass, water, vacant land, natural vegetation, commercial/industrial 
and residential (Table 2) (Gehrt and Chelsvig 2003, 2004, Hourigan et al. 2006, Loeb and 
O'Keefe 2006, Duchamp and Swihart 2008).  
 
 I used a stratified random sampling approach to select sampling sites from a subset of 
the CAP-LTER 200 survey points, located in each of the seven land cover types.  Sites 
were ground-truthed, and when the cover map was inaccurate I generated additional 
sampling sites independent of the CAP-LTER survey 200 points, using the same 
approach.  I chose three sites in each of the seven cover types (n = 21) to capture 
variations of the cover type within the study area.  The minimum distance between sites 
was 3000 m radius, and was also the landscape scale.  I used stratified random sampling 
and a minimum distance of 3000 m radius between sampling site to reduce the potential 
for spatial autocorrelation of the data.  All cultivated grass cover type sampling sites were 
in golf courses therefore, interpretations for this cover type are limited to golf courses.  
Of the 21 sampling sites, 17 (80%) were CAP-LTER survey 200 points and four were 
independently generated sampling sites.  
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Table 2 Reclassified cover types in the CAP-LTER 2005 land cover classification  
map of the Phoenix metropolitan region. Cover/class codes were randomly  
assigned to each cover type. 
Cover type Cover type code Description 
Agriculture 2 Active agricultural or cultivated 
vegetation. 
Cultivated grass 3 Golf courses, urban parks, and other 
managed green spaces. 
Water 4 Water bodies man-made or natural, 
including canals. 
Vacant land 5 Graded lots, vacant lots, fallow land.  
Natural vegetation   6 Natural/native vegetation.  
Commercial   7 Commercial, industrial, commercial 
services, and concrete and asphalt.  
Residential  8 Xeriscape, Mesicscape 
 
 
Acoustic Monitoring  
Bat calls were recorded using broadband ultrasonic bat detectors Anabat SD1 and SD2 
(Titley Electronics, Ballina, New South Wales, Australia).  I passively monitored 21 
sampling sites from May to October 2010 (sampling season) when bats are active.  Each 
site was monitored three nights each month to account for temporal (nightly and 
monthly) variations in bat activity (Hayes 1997).  Sites were generally sampled on three 
consecutive nights barring re-sampling efforts due to unfavorable weather conditions or 
equipment malfunctions.  I monitored sites each night 30 minutes prior to sunset to 30 
minutes past sunrise (nightly monitoring duration) to capture a full night of bat activity 
(Hayes 1997).  I sampled 126 nights over the sampling season and obtained equal sample 
sizes.  I standardized response variables (bat activity, foraging activity and species 
richness) obtained from the acoustic data into a per hour rate for data recorded two hours 
after sunset and two hours prior to sunrise, considered to be two of the most active time 
periods for the majority of bats (Hayes 1997, O'Shea and Bogan 2003).  Therefore, the 
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number of species detected may be underestimated for bats active outside of the 
standardized time. 
 
Bat detectors were placed in a camouflaged, tarp pouch on the ground with the 
microphone protruding and oriented at a 45° angle towards likely flight paths within the 
cover type (Corben and Livengood 2009).  The placement of the detectors at the 
sampling sites were determined by both optimization of recording efforts (orientation to 
likely flight paths) and to minimize detection by people (i.e., damage or theft of 
equipment).  Primary factors affecting the detector sensitivity are atmospheric attenuation 
(i.e., changes in humidity) and the amount of clutter.  The study area had both 
atmospheric attenuation during the monsoon season and varying degrees of clutter 
inherent to the urban landscape.  Detectors were set at the same sensitivity and randomly 
rotated among sites.  
 
When rain was likely, detector microphones were wrapped in plasticwrap and secured 
with a rubber band using methods of Corben and Livengood (2009).  The plasticwrap 
method reduces detector sensitivity but protects the microphone from water damage that 
causes microphones to fail and may result in complete microphone failure.  Reduced 
detector sensitivity is equivalent to losing files with bats.  Because detector sensitivity 
was uniformly reduced across all detectors, the potential for the loss of files with bats was 
also uniformly reduced.  Since storm events in the region are characterized as intense 
storm events of short duration, detectors were allowed to record the full monitoring 
duration, because bat activity resumed shortly after the rain stopped per my personal 
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observations during my 2009 pilot study in the metropolitan area.  When a full nightly 
monitoring duration was not obtained due to equipment malfunction or unfavorable 
weather conditions, I eliminated the data, and the site was re-sampled within the same 
month.   
 
Predictor and Response Variables 
I qualitatively analyzed files using AnalookW version 3.8 (Titley Electronics, Ballina, 
New South Wales, Australia).  A qualitative approach to identification of vocal signatures 
of bats is analogous to auditory identification of birds (O'Farrell et al. 1999).  Therefore, I 
analyzed the acoustic data set to maintain consistency (O'Farrell et al. 1999, Kunz and 
Parsons 2009).  I used the Orange County bat call library recorded in the southwestern 
US prepared by Corben and Livengood (2009) as a reference for species identification 
(O'Farrell et al. 1999, Kunz and Parsons 2009).  Interpretation and identification methods 
are consistent with those taught at the Anabat Techniques Workshop and the AnalookW 
Analysis Course, and that of O’Farrell (1999) (Corben and Livengood 2009, Corben et al. 
2010).   
 
Bat activity, the number of call sequences per hour, included call sequences from species 
that were confidently identified, myotis groups and unidentified call sequences (O'Farrell 
et al. 1999).  Unidentified calls sequences contributed only to bat activity.  Foraging 
activity was the number of feeding buzzes per hour.  Species richness was the number of 
species and myotis groups detected per hour.  Call sequences identified to species or  
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myotis group were identified by the species’ characteristic frequency range and the visual 
assessment of characteristic call sequence shape.  
 
Prior to analysis, I removed files with poor quality calls (i.e., less than five calls) or 
files that contained spurious noise using a quantitative filter.  I modified the default 
software filter, provided by the AnalookW version 3.8, to detect bat calls emitted at ≥ 7 
kHz to include calls produced by the greater western mastiff bat (Eumops perotis) 
expected in the study area.  The data set was then manually inspected to eliminate 
remaining poor quality files. 
 
I modified three parameters of the default software filter to detect greater western 
mastiff bat calls: 1) the minimum frequency parameter was changed to 7 kHz (from 14 
kHz); 2) the minimum characteristic frequency parameter, referring to the bottom of the 
call where it is flattest was changed to 7 kHz (from 14 kHz); and 3) the body over 
parameter, referring to the amount of time a bat spends emitting frequencies in the band 
where the call is flattest, was changed to the proper setting 1000 microseconds (1 
millisecond).  The version of the default software filter provided was set to 350 
microseconds in error by Corben et al. (2010), and was noted during the course.  Thus, 
prior to running the modified filter the correct value, 1000 microseconds, was changed as 
recommended (Corben et al. 2010). 
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Figure 3 Acoustic monitoring and analysis flow chart showing a time/frequency plot (output) of a call 
sequence recorded by the Anabat detector illustrating how to determine units of activity and acoustic 
characteristics of a canyon bat. This bat is emitting at 45 kHz, its characteristic frequency, producing long 
call sequences of similar shape and medium duration. The duration between calls is measured in 
milliseconds. The first portion of the call sequence indicates the bat is either behind clutter (e.g. vegetation) 
or is farther away from the bat detector. As the bat gets closer to the detector, the calls become less 
distorted showing characteristically uniform calls of similar shape and duration. The bat is in search-phase 
at the beginning portion of the call sequence.  As the call becomes steeper and of shorter duration, prey has 
been detected, and the bat is in the attack-phase. The feeding-phase immediately following the attack-phase 
is indicated by a terminal phase of rapid calls that are very steep and of very short duration. The feeding-
phase calls have a dotted like appearance at the upper portion of the call.  In the feeding-phase, prey has 
been captured and the bat is feeding on the wing.  
   
Statistical Analysis 
I used FRAGSTATS 4.0 (McGarigal et al. 2013) to analyze the composition and 
configuration of the landscape as defined by the seven cover types in the land cover map 
(agriculture, cultivated grass, water, vacant land, natural vegetation, commercial and 
residential).  I chose four landscape-level metrics which quantify the structure of the 
entire habitat mosaic of the seven cover types and five class-level metrics focusing on the 
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area and configuration of each of the cover types individually, based on past studies of 
metric behavior (Neel et al. 2004) and parsimony (Cushman et al. 2008).  The methods 
used to examine effects of urbanization across multiple scales for each response variable 
is schematically illustrated in Figure 4. 
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Figure 4 Methods flowchart summarizing the procedures used to 
examine the effects of urbanization on bat activity, foraging activity, 
and species richness across sampling sites for the Phoenix metropolitan 
region (May to October 2010). The green boxes represent processes 
and the grey boxes are the output from each process. 
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At the landscape-level I calculated the follow metrics: edge density (ED), which 
measures the total edge among dissimilar patch types without contrast weighting; 
aggregation index (AI), which measures the degree to which a patch type consists of a 
single compact patch; largest patch index (LPI), which measures the percentage of the 
landscape occupied by the single largest patch; and patch density (PD), which measures 
the total number of patches in the landscape across patch types.  
 
At the class-level I calculated the following metrics: percentage of the landscape 
occupied by each cover type (PLAND); patch density (PD), which measures the number 
of patches per unit area of each cover type; largest patch index (LPI) of each cover type, 
which measures the percentage of the landscape occupied by the single largest patch; the 
correlation length of each cover type (GYRATE_AM), which measures the degree to 
which patches of each cover type extend across the study area providing broad 
connectivity; and area-weighted mean patch size of each cover type (AREA_AM), which 
measures the expected size of a patch of each cover type when selecting a random pixel.  
All metrics are configuration metrics, except percentage of the landscape occupied by 
each cover type (PLAND), which is a composition metric.  Metrics were chosen a priori 
based on their relevancy to bats.  
 
I conducted a multi-scale analysis of landscape pattern, calculating each of the 
FRAGSTATS metrics listed above at a range of focal scales using a moving window 
analysis (McGarigal and Cushman 2005), which quantifies the landscape pattern (i.e., 
landscape composition and configuration) surrounding each location in the landscape at a 
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specified scale.  This approach has a major advantage for habitat analysis given that 
occurrence and activity patterns at a location are likely driven by the habitat conditions 
surrounding that location, and that different variables may affect occurrence patterns at 
different spatial scales (Grand et al. 2004, Wasserman et al. 2011).  Accordingly, for each 
FRAGSTATS metric I calculated focal moving windows at three scales, 180 m, 1500 m 
and 3000 m radii centered on each site, with the intent to capture the site, home range, 
and landscape scales that are relevant to the bats in the study area.  
 
The grain or the smallest unit of the study, 180 m, represents the site scale, comprising 
the quality of the immediate habitat, and is also the minimum scale analyzed in 
FRAGSTATS 4.0 (McGarigal et al. 2013).  A trend in studies show fine scale and broad 
scales are the most common scales correlated with bat habitat use (Chambers et al. 2016, 
Charbonnier et al. 2016, Gorreson et al. 2005).  Fine scales, range from tree, plot, 
microhabitat or site scale, typically within 100 m.  Site characteristics, such as the 
distance to and diversity of water conditions, prey abundance, edge effects, vegetation 
density or cover, distance to native vegetation, and anthropogenic site characteristics (the 
amount of impervious surface and distance to roads) explained habitat use (Evelyn et al. 
2004, Gehrt and Chelsvig 2004, Hourigan et al. 2006, Loeb and O'Keefe 2006, Limpert et 
al. 2009, Hagen and Sabo 2011, Dixon 2012, Chambers et al. 2016, Charbonnier et al. 
2016).  Evelyn et al. (2004) found the site scale drove roost selection of the Yuma myotis 
in a residential area of California.  Roost sites (trees or built structures) close to water 
with forest cover in the surrounding 100 m radius were positively correlated with roost 
selection (Evelyn et al. 2004).  Therefore, I chose 180 m, the minimum scale analyzed in 
   41 
FRAGSTATS 4.0, to examine site scale dependence of response variables (McGarigal et 
al. 2013).   
 
The spatial scale that is commensurate with the home range of bats is the most 
effective and relevant scale for detecting and understanding overall bat activity.  This is 
because the home range is likely the minimum spatial extent capturing habitat 
requirements for bats.  I selected 1500 m as the home range scale based upon an 
estimated average of the home range for bats within the Southwest (Evelyn et al. 2004, 
Duff and Morrell 2007), and in the absence of relevant home range information, scale 
selection was informed by other landscape scale bat studies (Gehrt and Chelsvig 2003, 
Gorresen et al. 2005).   
 
Some birds, mammals, and reptiles have smaller home ranges in areas of increased 
urbanization possibly due to an increased abundance in prey, and restrictions on 
movement due to barriers in the urban matrix (Sullivan et al. 2013).  However, volant 
bats may be able to travel longer distances to exploit resources within an urban landscape 
(Gehrt and Chelsvig 2004, Loeb and O'Keefe 2006, Ober and Hayes 2008).  Bats with the 
ability to travel long distances such as the Mexican free-tail bat, the big brown bat, and 
the larger Molossid bats, may increase their home range to account for dispersed 
resources scattered across the urban landscape, and/or rely on resources inside and 
outside of the urban mosaic (Everette et al. 2001, Gehrt and Chelsvig 2004, Neubaum et 
al. 2007, Duchamp and Swihart 2008, Sullivan et al. 2013).  To examine bat occurrence 
Duff and Morrell (2007) selected 1500 m as the estimated average home range of bats in 
   42 
California, which had similar species expected in the Phoenix metropolitan region.  Duff 
and Morrell (2007) also selected this scale because there was little difference between 
3000 m and 5000 m. The 1500 m scale was examined by other authors to represent the 
home range of some bats, and sites were separated by 1 to 2.5 km (Ober and Hayes 2008, 
Ethier and Fahrig 2011, Mendes et al. 2016).  I selected the 1500 m scale to examine the 
limits of the home range of bats in the study area.  
 
The landscape scale (3000 m) represents the regional distribution bats, where habitat is 
used and avoided in a non-random manner.  This scale was also the minimum distance 
between sample sites, and the maximum limit to which predictions can be made.  Gehrt 
and Chelsvig (2003) examined landscape variables in an urban landscape at one scale, 
2000 m, because there was little change in variables at larger scales (i.e., 5000 m).  
Gorresen et al. (2005) examined the effects of fragmentation on bat habitat use at 
multiple scales (1000 m, 3000 m, 5000 m), and found all species responded to landscape 
characteristics at broad scales (3000 and 5000 m).  In a scale optimization study, 
Chambers et al. (2016) examined multiple scales (100 m through 1000 m), and found fine 
and broad scales, (100 m and 1000 m) were most associated with bat occurrence in the 
tropical forests of Nicaragua.  Chambers et al. (2016) recommended future studies 
examine broader scales that may capture the home range of bats beyond the broadest 
scale they examined. 
 
I selected the 3000 m to represent the landscape scale or the regional distribution of 
bats within the study area.  However, this could also be the home range scale of bats in 
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the study area that are more mobile.  Therefore, this scale represents the landscape scale 
for most bats in this study, but may also capture the home range of bats with intermediate 
home ranges.  Thus, examination of the 1500 m scale and the 3000 m will provide 
information on the limits of the home range of bats within the study area.  The extent of 
this study refers to the larger study area, the Phoenix metropolitan region. 
 
For each combination of response variable and predictor variable, I identified the best 
of the three scales for each predictor variable (Grand et al. 2004, Wasserman et al. 2011).  
This was accomplished by running three univariate regressions for each predictor 
variable-response variable combination, one at each scale, and identifying the scale that 
produced the lowest Akaike information criterion (AICc) corrected for low sample sizes 
(Burnham et al. 2011).  Any predictor variables that did not have scales at which the P-
value of the univariate regression was < 0.20 were dropped.  I used the 0.20 P-value cut-
off for the univariate analysis because variables that are individually non-significant may 
interact significantly in multivariate models (Grand et al. 2004). 
 
After the univariate model selection, I further reduced the variables included for 
analysis for each response variable by evaluating pairwise correlations between all 
remaining predictor variables and dropped highly correlated variables.  If two predictor 
variables were correlated with a Pearson’s correlation coefficient > 0.7, I dropped the 
member of the pair with the highest AICc value in the univariate model selection (Chok 
2010).  I used the Pearson’s correlation coefficient because it has greater statistical power  
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for my data (continuously distributed with a moderately non-normal distribution, and no 
outliers) (Chok 2010).   
 
With an I-T approach, I used generalized linear modeling to predict relationships 
between landscape variables in the final predictor variable model sets and each response 
variable (Garamszegi et al. 2009, Burnham et al. 2011).  All response variables were 
continuously distributed, and I used the generalized linear model (GLM) function with a 
Gaussian family to conduct all subsets regressions using the Dredge function on r library 
MuMin (Burnham et al. 2011).  I reported AICc variable importance for each predictor 
variable, and used model averaging to produce a final averaged model for each response 
variable from all individual models within 4 AICc units of the most supported model 
(Garamszegi et al. 2009, Burnham et al. 2011).  The major advantage of the I-T process is 
that it allows model averaging (Garamszegi et al. 2009, Burnham et al. 2011), which 
shifts the focus from the probability of models to the independent effect of each final 
predictor variable represented as the variable importance value (Garamszegi et al. 2009).  
I used the final averaged model for each response variable to map predicted values for 
each response variable across the study area. 
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Results 
Empirical Data  
Nine species and two groups of Myotis species were identified in the Phoenix 
metropolitan region (Table 3).  The western red bat (Lasiurus blossevillii) was the only 
bat not detected that was expected to occur within the metropolitan area (Table 1).  Two 
additional species were detected in the study area: Townsend’s big-eared bat 
(Corynorhinus townsendii) and the hoary bat (Lasiurus cinereus), which were not present 
on the original list of bats expected to be in the study area (Table 1). 
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Table 3 Bat species and genus groups that were detected across sampling sites within the Phoenix metropolitan region (May to October 2010). This is a 
revised list of the bat species expected to utilize urban areas within the Phoenix metropolitan region. Foraging guild abbreviations: AI = Aerial 
Insectivore, AF = Aerial Forager, AG = Aerial Gleaner, GI = Gleaning Insectivore.  Frequency and call characteristics information was obtained from 
Corben and Livengood (2009). Feeding guild and behavior information was obtained from Everette et al. (2001), Hinman and Snow (2003), O’Shea and 
Bogan (2003), Evelyn et al. (2004), and Gruver and Keinath (2006).  
Scientific name/ 
Genus group 
Common 
name Family 
Feeding 
guild 
Characteristic 
call frequency 
(kHz) 
Call characteristics Behavior 
Antrozous pallidus **  Pallid bat Vespertilionidae GI/AG  25 Calls always very steep. 
Confusing species: 
Mexican free-tailed bat 
and the big brown bat. 
Forages in open habitat and 
fallow land. Roosting 
habitats: buildings, 
caves/mines, rock crevices 
and bridges.  
Corynorhinus 
townsendii *; ** 
 
 
 
 
 
Townsend’s 
big-eared bat 
Vespertilionidae GI/AG 20-70 Difficult to identify, but 
some calls are distinctive 
because of two levels of 
harmonic produced 
simultaneously. Some 
calls have a distinctive 
shape, a backwards 
candy cane-shape 
produced at 30 kHz 
range. Calls are steep, of 
medium duration and can 
be visible across a range 
of frequencies 
simultaneously.  
Highly maneuverable, 
slow flight with the ability 
to hover, typical of 
gleaning foraging 
behavior allowing 
gleaning of prey from 
foliage. Forages along 
edge habitat, and may 
have high fidelity to 
foraging habitat a 
patchwork of preferred 
habitat. May not travel far 
from roost site to foraging 
area, 2-3000 m. Small 
foraging areas indicates 
the landscape may 
constrain activity. 
Roosting habitats: 
buildings, caves/mines, 
bridges and other. Very 
sensitive to human-
disturbance.  
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Scientific name/ 
Genus group 
Common 
name Family 
Feeding 
guild 
Characteristic 
call frequency 
(kHz) 
Call characteristics Behavior 
Eptesicus fuscus Big brown 
bat 
Vespertilionidae AI/AF 30-25 Search-phase call 
sequences show a high 
degree of uniformity. 
Can be difficult to 
identify from the 
Mexican free-tailed bat 
in clutter (e.g., built 
structures or vegetation). 
Generalist, commonly 
found in agriculture. Can 
travel long distances and 
may travel from natural 
areas to urban areas or 
vice versa, traveling up to 
9 – 19 km. Roosting 
habitat: buildings, 
caves/mines, bridges, and 
other. 
Eumops perotis **  Greater 
western 
mastiff bat 
Molossidae AI/AF 7 Extremely distinctive 
calls because they are 
produced at low 
frequency. 
Obligated to larger open 
water (> 30 m) and to cliff 
habitat to get proper lift. 
Roost sites are associated 
with mine and excavation 
sites and are close to high 
fidelity water sources. 
Travels long distances to 
forage 25 km. Roosting 
habitat: buildings and rock 
crevices.  
Lasiurus cinereus ** Hoary bat Vespertilionidae AI/AF 30-18 Hooked shaped calls that 
jump around in 
frequency with little 
change in shape. Calls 
are lower in frequency 
than other Lasiurus 
species.  
Not attracted to human 
structure, solitary, 
migrate, hunts in open tree 
tops 
Lasiurus xanthinus ** Western 
yellow bat 
Vespertilionidae AI/AF 35 Hooked shaped calls that 
jump around in 
frequency and shape, but 
are less exaggerated in 
this species compared to 
other Lasiurus species.  
Does not migrate, maybe 
expanding range due to 
untrimmed ornamental 
palm trees in urban areas. 
Roosts in foliage.   
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Scientific name/ 
Genus group 
Common 
name Family 
Feeding 
guild 
Characteristic 
call frequency 
(kHz) 
Call characteristics Behavior 
Nyctinomops 
femorosaccus 
Pocketed 
free-tailed 
bat 
Molossidae AI/AF 16 Low frequency calls, can 
range from steep calls in 
clutter (e.g., built 
structures or vegetation) 
to flat calls in no clutter 
having a backslash-
shaped appearance. 
Probably does not 
migrate, may go into 
torpor. Can travel up to 25 
km. Roosting habitat: 
buildings, caves/mines, 
and rock crevices. 
Relatively uncommon bat.  
Parastrellus hesperus Canyon bat Vespertilionidae AI/AF 45 Very distinctive, uniform 
low slow slope call 
sequence. Can be 
confused with 50 kHz 
myotis. 
Arizona’s smallest bat. 
Usually roost near water, 
easily blown off course, 
may uses linear structures 
for protection from wind 
and predators. Roosting 
habitat: buildings, 
cave/mines, and bridges. 
Flight pattern resembles a 
butterfly flying, and is one 
of the few bats that can be 
identified visually.  
Tadarida brasiliensis Mexican 
free-tailed 
bat 
Molossidae AI/AF  25-20 Highly variable, with 
commuting calls with a 
low slope that can appear 
flat in shape. Calls in 
clutter (e.g., habitat 
clutter) are difficult to 
distinguish from the big 
brown bat. 
Agile flyer and hunts over 
water and agriculture. A 
migratory species that 
commutes long distances 
(25 -50 km), which may 
aid dispersal in 
fragmented landscapes. 
Roosting habitat: 
buildings, cave/mines, and 
bridges.  
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Scientific name/ 
Genus group 
Common 
name Family 
Feeding 
guild 
Characteristic 
call frequency 
(kHz) 
Call characteristics Behavior 
40 kHz myotis  40 kHz 
myotis 
Vespertilionidae AI/AF  40 Within the study area 
this group most likely 
includes only the cave 
bat. Calls are steep, and 
very difficult to 
distinguish from other 40 
kHz myotis.  
Forages most often over 
water and in open areas. 
Can hunt low in 
vegetation. Roosting 
habitat: buildings, 
cave/mines, and bridges. 
50 kHz myotis  50 kHz 
myotis 
Vespertilionidae AI/AF 50 
 
Within the study area 
this group most likely 
includes California 
myotis and Yuma 
myotis. Calls are 
difficult to distinguish 
between these species 
and other 40 kHz myotis. 
The California myotis 
calls are very steep, and 
the Yuma myotis calls 
are slightly less steep, 
comparatively. 
The California myotis 
hunts near foliage, edges 
and open habitat. 
Roosting habitat: 
buildings, cave/mines, 
and tree cavities /bark 
crevices. The Yuma 
myotis is most often 
found foraging over or 
near water and open 
habitat. May have linear 
home range preferring to 
travel along edge habitat. 
The average distance 
between roosts, and water 
is 2000 m. The bat is most 
likely limited by suitable 
roosting habitat that is 
near water. Uses man-
made structures. Roosting 
habitat: buildings, 
cave/mines, rock crevices, 
bridges, and other.  
* Species not on the original list bats of that were expected to utilize urban areas within the metropolitan region.  
** Species eliminated after data standardization. 
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I obtained 16,605 call sequences, of those 11,306 (68%) were confidently identified to 
species or to myotis groups, and 5,299 (32%) were unidentified call sequences.  Nine 
species and two myotis groups were detected, and 1,865 feeding buzzes were recorded 
(Table 4).  The species and myotis groups, and the percentage of the total call sequences 
recorded were: 1) canyon bat (35%), 2) 50 kHz myotis (24%), 3) Mexican free-tailed bat 
(5%), 4) 40 kHz myotis (2%), 5) pocketed free-tailed bat (1%), and 6) big brown bat 
(1%).  Calls for the hoary bat, greater western mastiff bat, western red bat, Townsend’s 
big-eared bat, and the pallid bat (Antrozous pallidus) comprised ≤ 0.1% of the total call 
sequences recorded.  
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Table 4 Total numbers for each response variable recorded per cover type in the Phoenix metropolitan region (May to October 2010). Adjacent to total 
numbers are the proportion of call sequences recorded (16,605 in total), the proportion of feeding buzzes recorded (1,865 in total), and the proportion 
of the number of species/myotis groups detected (species richness, 11 in total) per cover type across the study area. 
  Cover type 		
Response variable Water Native vegetation Agriculture Vacant land 
Cultivated 
grass Residential Commercial Total  
Bat activity 7,957 47.9% 604 3.6% 425 2.6% 880 5.3% 3,662 22.1% 2,251 13.6% 826 5.0% 16,605 
Feeding buzzes 859 46.1% 22 1.2% 18 1.0% 37 2.0% 634 34.0% 255 13.7% 40 2.1% 1,865 
Species richness 9 81.8% 7 63.6% 7 63.6% 8 72.7% 8 72.7% 5 45.5% 3 27.3% 11 
  Cover type 		
Taxon call sequences Water Native vegetation Agriculture Vacant land 
Cultivated 
grass Residential Commercial Total  
Parastrellus hesperus 1,544 9.3% 182 1.1% 205 1.2% 593 3.6% 1,318 7.9% 2,021 12.2% 12 0.1% 5,875 
50 kHz myotis   2,283 13.7% 14 0.1% 8 0.0% 27 0.2% 1,651 9.9% 2 0.0% 0 0.0% 3,985 
Tadarida brasiliensis 149 0.9% 166 1.0% 84 0.5% 62 0.4% 62 0.4% 96 0.6% 192 1.2% 811 
40 kHz myotis 293 1.8% 22 0.1% 2 0.0% 14 0.1% 57 0.3% 3 0.0% 0 0.0% 391 
Nyctinomops 
femorosaccus 6 0.0% 23 0.1% 8 0.0% 4 0.0% 65 0.4% 0 0.0% 0 0.0% 106 
Eptesicus fuscus 20 0.1% 8 0.0% 11 0.1% 31 0.2% 29 0.2% 3 0.0% 3 0.0% 105 
Lasiurus cinereus *; **  10 0.1% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 10 
Eumops perotis ** 0 0.0% 8 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 8 
Lasiurus xanthinus ** 1 0.0% 0 0.0% 1 0.0% 3 0.0% 1 0.0% 0 0.0% 0 0.0% 6 
Corynorhinus 
townsendii *; ** 4 0.0% 0 0.0% 0 0.0% 0 0.0% 1 0.0% 0 0.0% 0 0.0% 5 
Antrozous pallidus ** 0  0.0% 0 0.0% 0 0.0% 4 0.0% 0 0.0% 0 0.0% 0 0.0% 4 
Unidentified  3,647 22.0% 181 1.1% 106 0.6% 142 0.9% 478 2.9% 126 0.8% 619 3.7% 5,299 
* Species not present on the original list of bats expected to be present in the Phoenix metropolitan region.  
** Species eliminated after data standardization. 
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I used the standardized response variables (number per hour) for bat activity, foraging 
activity, and species richness to examine predictor-response variable relationships.  Six 
species and two myotis groups were retained after standardization (Table 5).  Species 
richness per hour, included the detection of individual species and myotis groups, but the 
individual species/myotis groups were not modeled individually.  Thus, the 
species/myotis groups rates reflect patterns of bat activity per cover type.  The average 
number of call sequences per hour for identified species/myotis groups for all cover types 
were: 1) canyon bat (3.24/hour), 2) 50 kHz myotis (1.27/hour), 3) Mexican free-tailed bat 
(0.22/hour), 4) 40 kHz myotis (0.10/hour), 5) big brown bat (0.03/hour), and 6) pocketed 
free-tailed bat (0.01/hour). We restricted all further analyses reported in this paper to 
those species and myotis groups (Table 5). 
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Table 5 Standardized response variables (number per hour) for bat activity, foraging activity, and species richness recorded per cover 
type in the Phoenix metropolitan region (May to October 2010). Species richness per hour includes the detection of individual species 
and myotis groups, but the individual species and myotis groups were not modeled individually. All bats below were on the original 
list of expected species to be within the metropolitan area. 
     Cover type    
Response variable/hour Water Native vegetation Agriculture Vacant land Cultivated grass Residential Commercial 
Bat activity 16.15 0.88 1.23 3.13 13.44 7.62 1.00 
Feeding buzzes 2.20 0.02 0.07 0.15 2.81 0.90 0.04 
Species richness 0.42 0.17 0.14 0.31 0.61 0.23 0.06 
    Cover type    
Taxon call 
sequences/hour Water Native vegetation Agriculture Vacant land Cultivated grass Residential Commercial 
Parastrellus hesperus 5.84 0.52 0.90 2.62 5.72 7.05 0.01 
50 kHz myotis  2.72 0.01 0.00 0.01 6.13 0.00 0.00 
Tadarida brasiliensis 0.44 0.19 0.17 0.10 0.16 0.20 0.26 
40 kHz myotis 0.50 0.02 0.00 0.05 0.16 0.00 0.00 
Eptesicus fuscus 0.03 0.00 0.00 0.08 0.06 0.00 0.00 
Nyctinomops 
femorosaccus 0.00 0.03 0.01 0.00 0.03 0.00 0.00 
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Univariate Model Selection and Variable Multicollinearity  
For the response variable bat activity, six predictor variables were retained (Table 6, 
Table 7).  These included one landscape-level metric at the site scale (LPI_180) and five 
class-level metrics, which were included at both the site scale (AREA_AM_4_180, 
PLAND_4_180) and the landscape scale (GYRATE_AM_4_3000, 
GYRATE_AM_6_3000, PLAND_6_3000).  
Table 6 Retained predictor variables at the scale of the strongest univariate model use (lowest AICc value), 
and removal of intercorrelated variables for bat activity, foraging activity and species richness recorded 
across sampling sites in the Phoenix metropolitan region (May to October 2010). Cover/class codes: 3 = 
golf courses (cultivated grass), 4 = water, 6 = natural vegetation, 7 = commercial. 
Response variable Predictor variable  
Predictor variable 
abbreviation/  
cover code/scale 
Univariate 
P-value 
Bat activity Largest patch index at the site scale LPI_180 0.026 
 Area-weighted mean patch area of water at 
the site scale 
AREA_AM_4_180 
0.004 
 Correlation length of water at the 
landscape scale 
GYRATE_AM_4_3000 
0.057 
 Correlation length of natural vegetation at 
the landscape scale 
GYRATE_AM_6_3000 0.059 
 Percentage of the landscape occupied by 
water at the site scale 
PLAND_4_180 0.004 
 Percentage of the landscape occupied by 
natural vegetation at the landscape scale 
PLAND_6_3000 
0.080 
Foraging activity Patch density at the site scale PD_180 0.004 
 Correlation length of water at the 
landscape scale 
GYRATE_AM_4_3000 0.020 
 Largest patch index of water at the site 
scale 
LPI_4_180 0.063 
Species richness Area-weighted mean patch area of 
commercial at the site scale 
AREA_AM_7_180  0.063 
 Correlation length of golf courses at the 
site scale 
GYRATE_AM_3_180 0.003 
 Largest patch index of golf courses at the 
home range scale 
LPI_3_1500  0.007 
 Percentage of the landscape occupied by 
water at the site scale 
PLAND_4_180 0.069 
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For the response variable foraging activity, three variables were retained (Table 6, 
Table 7).  These included one landscape-level metric, patch density at the site scale 
(PD_180), and two class-level metrics, one at the site scale (LPI_4_180), and one at the 
landscape scale (GYRATE_AM_4_3000).   
 
For the response variable species richness, four variables were retained (Table 6; 
Table 7).  These included only class-level metrics.  The retained class-level metrics were 
quantified primarily at the site scale (AREA_AM_7_180, GYRATE_AM_3_180, 
PLAND_4_180), with only one variable at the home range scale (LPI_3_1500). 
 
Table 7 Metrics tested as predictors of change in bat activity, foraging activity and species richness, 
respectively. Metrics and abbreviations, metric levels, landscape pattern category and metric descriptions 
are shown. Descriptions are per McGarigal et al. (2013).  Metrics were computed using FRAGSTATS 4.0 
(McGarigal et al. 2013). 
 Landscape-level variable Category   Description 
 Patch Density (PD)  Configuration Number of patches in the landscape per unit 
area. 
 Largest Patch Index (LPI)  Configuration Percentage of the total landscape area comprised 
by the largest patch. A simple measure of 
dominance.  
 Class-level variable Category   Description 
 Percentage of the landscape 
occupied by a patch (PLAND)  
Composition  Percentage of the landscape occupied by the 
corresponding patch.  
 Largest patch index of a patch   
(LPI)  
Configuration Percentage of the total landscape area comprised 
by the largest patch of the corresponding patch. 
A simple measure of dominance.  
 Area-weighted mean patch radius   
of gyration (GYRATE AM)  
Configuration Also known as correlation length, measures the 
average distance one can move from a random 
starting point/pixel and traveling in a random 
direction without leaving the corresponding 
patch. A measure of broad connectivity.  
Area-weighted mean patch area 
(AREA AM)  
Configuration Measures the expected size of a patch when 
selecting a random point/pixel. 
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All-Subsets Modeling 
Bat Activity  
There were 14 models within 4 AICc units of the lowest AICc model predicting bat 
activity.  There was universal consistency in the sign of the coefficient of each variable 
across all included models, indicating stability in parameter estimation with variable 
interaction.  The final averaged model of the selected model set showed that the 
correlation length of natural vegetation at the landscape scale (GYRATE_AM_6_3000) 
and largest patch index at the site scale (LPI_180) were the most important variables 
(Table 8).  The final averaged model indicated call sequences per hour detected at each 
site increased with the correlation length of natural vegetation at the landscape scale 
(GYRATE_AM_6_3000), the patch size and the extent of water at the site scale 
(AREA_AM_4_180, PLAND_4_180), the correlation length of water at the landscape 
scale (GYRATE_AM_4_3000), and decreased with the largest patch index at the site 
scale (LPI_180), and the total extent of natural vegetation at the landscape scale 
(PLAND_6_3000; Table 8).  Bat activity was predicted to be highest along major 
waterways that spanned the study area, and high in regions with a high density of smaller 
water bodies (Figure 5).
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Table 8 Final averaged models to predict per hour values (i.e., model averaged coefficients for all subsets modeling) for bat activity, 
foraging activity and species richness detected across sampling sites within the Phoenix metropolitan regions (May to October 2010), and 
the variable importance values for each predictor variable. The landscape and site scale are the dominant scales for bat activity and 
foraging activity. The site scale is the dominant scale for species richness. Overall, class-level and configuration metrics were the most 
common metrics retained. Cover/class codes: 3 = cultivated grass (golf courses), 4 = water, 6 = natural vegetation, 7 = commercial. 
Scale 3000 m 1500 m 180 m 
Response variable Predictor  
variable 
Variable 
importance a 
Predictor  
variable 
Variable 
importance a 
Predictor  
variable 
Variable 
importance a 
Bat activity GYRATE_AM_6 c    
(0.012838)  
1.00   LPI b 
(-0.18375) 
1.00 
 PLAND_6 c  
(-0.30355) 
0.37   AREA_AM_4 c  
(7.057923) 
0.60 
 GYRATE_AM_4 c  
(0.003459804) 
0.23   PLAND_4 c  
(0.58816) 
0.30 
Foraging activity GYRATE_AM _4 c  
(0.002117) 
1.00   PD b 
(0.015005) 
1.00 
     LPI_4 c  
(0.05593) 
0.22 
Species richness   LPI_3 c  
(0.064889) 
0.28 PLAND_4 c 
(0.017945) 
1.00 
     GYRATE_AM _3 c  
(0.004604) 
0.80 
     AREA_AM_7 c  
(-0.02988) 
0.37 
a The summed Akaike weight for the predictor variable, that is, the individual importance of each variable independently. For example, 
GYRATE_AM_6_3000 with a parameter weight of 1.00, is interpreted as aspects of the correlation length of native vegetation (cover type = 6)  
at the landscape scale (3000 m) has a 100% probability that it plays a role in determining predicted patterns of bat activity, relative only to the best 
model. Conversely, GYRATE_AM_4_3000 with an importance variable of 0.23, is interpreted as having a 20% probability that it plays a role in 
determining patterns of bat activity relative only to the best model. 
b Landscape-level metric. 
c Class-level metric. 
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Figure 5 Predicted values for call sequences detected per hour (bat activity) across the Phoenix 
metropolitan region (May to October 2010). 
 
 
Foraging Activity 
There were two models within 4 AICc units of the lowest AICc model predicting 
foraging activity.  The final averaged model of the selected model set showed that the 
correlation length of water at the landscape scale (GYRATE_AM_4_3000), and patch 
density of all patches at the site scale (PD_180) were the most important variables (Table 
8).  The final averaged model indicates feeding buzzes per hour increased with the 
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extensiveness of water at the landscape scale (GYRATE_AM_4_3000), patch density of 
all patch types at the site scale (PD_180), and the largest single patch of water at the site 
scale (LPI_4_180) (Table 8).  Foraging activity was predicted to be highest surrounding 
large watercourses that span the study area, and in regions of the landscape with a high 
density of smaller water bodies, and high landscape heterogeneity (Figure 6). 
 
Figure 6 Predicted values for feeding buzzes detected per hour (foraging activity) across the Phoenix 
metropolitan region (May to October 2010). 
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Species Richness 
There were five models within 4 AICc units of the lowest AICc model that predicted 
species richness.  Species richness included both presence of species and myotis groups.  
There was universal consistency in the sign of the coefficient of each variable across all 
included models, indicating stability of parameter estimation with variable interaction.  
The final averaged model of the selected model set showed that the extent of water at the 
site scale (PLAND_4_180) was the most important variable, followed by the  
correlation length of golf courses (cultivated grass) at the site scale 
(GYRATE_AM_3_180) (Table 8).  The final averaged model indicated the number of 
species detected per hour increased with the extent of water at the site scale 
(PLAND_4_180), the correlation length of golf courses (cultivated grass) at the site scale 
(GYRATE_AM_3_180), and the largest patch of golf courses (cultivated grass) at the 
home range scale (LPI_3_1500) (Table 8).  In contrast, species richness at each site 
decreased with the size of commercial areas at the site scale (AREA_AM_7_180).  
Species richness was predicted to be highest along the major waterways that span the 
study area, and at several isolated patches corresponding to large golf courses with ponds.  
In contrast, species richness is predicted to be very low in commercial areas with little 
surface water (Figure 7).  
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Figure 7 Predicted values for the number of species (species richness) detected per hour across the 
Phoenix metropolitan area (May to October 2010). 
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Discussion and Conclusions  
Landscape-Level versus Class-Level Metrics  
My results showed that bat activity, foraging activity, and species richness in the 
Phoenix metropolitan region were correlated mainly with class-level, not landscape-level, 
pattern metrics.  The only landscape-level metric that had a strong influence on bat 
foraging activity at the site scale was patch density, which indicated fine-scale landscape 
fragmentation.  All commonly used class-level metrics, except the percentage of the 
landscape occupied by a patch, were configuration metrics (McGarigal et al. 2013).  In 
my study, the selected class-level metrics measured the size, shape, connectivity, and 
distributional pattern of potential bat habitat, individually.  Because landscape-level 
metrics focused on the general pattern of the entire urban mosaic, they combined all land 
cover types, and did not consider the spatial attributes and relationships of patches.  
Consequently, if a species responds mainly to the pattern of habitat patches, not the 
pattern of all patches, then landscape-level metrics are less useful for understanding the 
species-habitat relationship.  My study suggests that this seems the case for bats.  
 
The only class-level composition metric, the percent of the landscape occupied by 
water, had a strong influence on species richness at the site scale.  Numerous studies of 
birds have suggested total habitat area (an aspect of landscape composition) was more 
influential than habitat fragmentation per se (an aspect of landscape configuration) 
(Cushman and McGargal 2003, Hostetler and Knowles-Yanez 2003, Litteral and Wu 
2012).  The usefulness of class-level configuration metrics were consistent with the 
findings of Chambers et al. (2016), the first formal effort to explore scales at which 
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different categories of landscape metrics were most associated with bat species 
occurrence.  Overall, Chambers et al. (2016) found that habitat configuration at broad and 
fine scales (1000 m and 100 m, respectively) influenced bat occurrence for several 
species representing a diverse range of feeding guilds in tropical forests of Nicaragua.  
Patch density at both the landscape-level and the class-level outperformed all other 
variables to explain patterns of bat occurrence across all species (Chambers et al. 2016).   
 
Specifically, Chambers et al. (2016) found that aerial insectivores were more 
frequently captured in areas with a high density of open canopy forest patches (measured 
by class-level patch density), than in extensive areas of closed canopy forests (Chambers 
et al. 2016).  Also, habitat configuration at broad and fine scales (1000 m, 900 m, and 300 
m, 200 m) influenced the occurrence of aerial insectivores.  Chambers et al. (2016) 
concluded that even small forest fragments had high conservational values for this 
feeding guild (Chambers et al. 2016).  
 
Similarly, Mendes et al. (2016) found that configuration metrics best explained 
patterns of activity for two bat foraging guilds in a heterogeneous landscape in Portugal.  
Specifically, at broader scales (6000 m and 3000 m) high patch density of the landscape 
(measured by landscape-level patch density) was positively correlated to open-habitat 
foraging activity.  In contrast, edge-habitat foraging activity had a weak, positive 
relationship with landscape patch density, but had a strong positive relationship to the 
total amount of edge habitat across the landscape (Mendes et al. 2016).  Areas with a 
diversity of small interspersed patches seemed to provide required resources near each 
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other, and greater access to those resources.  Cushman and McGargal (2003) found that 
forest birds have also been shown to have a positive relationship to areas of landscape 
habitat diversity.   
 
The results of Chambers et al. (2016) and Mendes et al. (2016) suggest that the 
complementation of resources (i.e., resources in close proximity to each other) is an 
important attribute of landscape pattern for some bats.  Patch density holds promise as an 
intuitive configuration metric to identify foraging habitat, and possibly to explain the 
habitat use of other taxa (Chambers et al. 2016, Mendes et al. 2016).  Metrics that provide 
areas of conservation overlap are of great value to wildlife managers (Chambers et al. 
2016). 
 
Urban landscapes by nature are highly fragmented where changes in landscape pattern 
tend to increase the complexity of patch shape, and the diversity of patches and edges, 
but not in all cases.  These findings are important because the use of metrics that are 
relevant to bat is an important initial component to conduct for studies of bat habitat use 
in urban landscapes, and to inform conservation strategies.  The results of my study 
indicated that in general, class-level configuration metrics were effective for studying bat 
activity, foraging activity and species richness in changing urban landscapes.  These 
results corroborate other studies, and provide new insights into how landscape pattern 
affects the behavior and ecology of bats in urban environment.  
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Effects of Landscape Pattern on Bat Activity 
All class-level metrics retained for bat activity quantified the extent and extensiveness 
of water at the landscape and the site scale, and the extent and extensiveness of natural 
vegetation at the landscape scale.  Native vegetation remnants corresponded to mountain 
preserves was the most important variable to predict values of bat activity at the 
landscape scale, but there was no relationship with foraging activity or species richness.  
In contrast, the extent of native vegetation at the landscape scale corresponded to large 
patches of open desert at the city periphery negatively influenced predicted values of bat 
activity. Mountain preserves have a more complex patch shape that extends across the 
landscape versus the composition of large patches of desert habitat at the city periphery.   
 
Possible functions of the mountain preserves are: orientation cues, and increased edge 
habitat for movement, increased prey abundance, increased vegetation cover, and the 
availability of roosting habitat for bats that use rock crevices or require roosts that are 
high enough to get proper lift (e.g. canyon bat, Yuma myotis/50 kHz myotis, and 
pocketed free-tailed bat) (Table 3).  The importance of mountain preserves was not 
limited to its immediate vicinity.  This suggests that available foraging and roosting 
habitat (primarily determined by the immediate habitat quality) explains part of the 
importance of this variable.  The remnant mountain preserves may also provide 
connectivity across the landscape that are used for orientation cues, and for ease of 
movement across the urban matrix.  Bats are known to travel along edge vegetation 
(favored for low energetic cost of movement and cover from predators), and the 
conservation value of remnant vegetation for bats in urban landscapes has been well 
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documented (Verboom and Huitema 1997, Gehrt and Chelsvig 2004, Duchamp and 
Swihart 2008, Ethier and Fahrig 2011, Luck et al. 2013).  The mountain remnants would 
be useful for bats that commute long distances to access dispersed resources (e.g., 
Mexican free-tailed bat), and bats with lower mobility that roost in mountain habitat near 
water (e.g. the canyon bat), bats that were abundant in the study area and in this cover 
type.  This finding is important because the remnant mountain preserves allow bats to 
access resources in this dispersed urban landscape – that spans approximately 2.4 million 
hectares (Wu et al. 2011).   
 
The map of the study area, showed bat activity was predicted to be highest along 
riverbeds and reaches of the canals, and areas with a high density of smaller water bodies 
(Figure 5).  Water is very important for bats in this region because bats require drinking 
water to replenish water body loss in the hot arid conditions, and the availability of 
surface water is subject to drought in the outlying desert habitat (Rabe and Rosenstock 
2005, Tuttle et al. 2006, Adams and Hayes 2008).  Additionally, bats are correlated with 
riparian areas and rivers that provide concentrations of prey (Ober and Hayes 2008, 
Hagen and Sabo 2011, 2012, Lintott et al. 2015), flyways and orientation cues for some 
bats (Ober and Hayes 2008, Hagen and Sabo 2011, Rainho and Palmeirim 2011).  The 
availability of water and the diversity of water conditions may increase in urban desert 
cities compared to outlying desert habitat.  Possible functions of the diversity of water 
conditions are: orientation cues, edge habitat and linear structures for ease of movement 
(e.g., reduced energetic costs) through the urban matrix, increase echolocation clarity, 
foraging habitat, drinkable water, and protection from predators and wind (Verboom and 
 67 
Huitema 1997, Duff and Morrell 2007, Limpert et al. 2009, Lintott et al. 2015).  Other 
studies have also shown some bats prefer to travel along edge habitat and linear structures 
including hedges, trails and urban waterways (Verboom and Huitema 1997, Duff and 
Morrell 2007, Limpert et al. 2009, Lintott et al. 2015).   
 
These findings are surprising because the dispersed urban landscape of the 
metropolitan region, should impede movement into urbanized areas, even for volant bats, 
due to the city’s size and extensiveness.  My results suggest riverbeds and reaches of 
canals are important landscape features that provide foraging and roosting habitat (e.g. 
bridges and flood tunnels), drinkable water, and act as corridors of movement to access 
other resources, functioning in a similar manner as riparian areas (Roach et al. 2008, 
Hagen and Sabo 2012, Lintott et al. 2015).  It is not surprising that the riverbeds are areas 
of high activity because they were areas of historical use by bats prior to urbanization and 
alteration of hydrologic regimes (Roach et al. 2008, Hagen and Sabo 2012).   
 
However, high bat activity along the canals is a surprising finding because they are a 
neglected urban landscape features with low native or ornamental vegetation, and in 
some reaches, act as barriers impeding the movement of bats and other wildlife (Roach et 
al. 2008, Lintott et al. 2015).  In Britain, Lintott et al. (2015) found that urban waterways 
have the potential to provide foraging habitat, but the lack of vegetation limited their use 
by bats.  However, in the arid region of the southwestern US, water is a limiting factor for 
most desert-dwelling bats.  Therefore, the canals are important urban waterways for most 
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bats. Restoration of riverbeds and enhancement of canals with increased vegetation and 
access will be important strategies for bat conservation and benefit other wildlife.   
 
Effects of Landscape Pattern on Foraging Activity 
Patch density at the site scale was one of the most important variables to predict 
foraging activity, and the only landscape-level metric retained.  All class-level metrics 
retained for foraging activity (third order, Johnson 1980) quantified the extensiveness of 
water at the landscape scale, the size of water at the site scale.  Highest predicted values 
of foraging activity again, are along the riverbeds and canals, and in regions with a high 
density of smaller water bodies, but also in areas of high heterogeneity (i.e., fine scale 
fragmentation).  Areas of high heterogeneity corresponded to areas that surrounded 
watercourses and small waterbodies in the study area, some of which corresponded to 
golf courses with water hazards.  Fine scale fragmentation, that is, many small, 
interspersed patches of habitat, increased the complementation of resources at the site 
scale (i.e., prey abundance, water, vegetation, and possibly roosting habitat).  Through the 
process of fragmentation bats have increased access to available resources.  My results 
suggest that bat activity alone underestimated available habitat.  This finding is important 
because conservation efforts based solely on bat activity may underestimate foraging 
habitat and potentially roosts that are near foraging habitat.  Like bat activity, the 
landscape scale and the site scale were the dominant scales for predicted foraging 
activity.  
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Interestingly, studies that measured feeding buzzes tended to be in urban landscapes 
(Avila-Flores and Fenton 2005, Hourigan et al. 2006, Threlfall et al. 2012a, Silva de 
Araújo and Bernard 2016).  But the examination of feeding buzzes seemed to be lacking 
in studies of natural landscape, even when foraging activity was the focus (Ober and 
Hayes 2008, Hagen and Sabo 2012).  This suggested that feeding buzzes may be more 
frequently detected in urban than natural landscapes; and bat activity alone 
underestimated available habitat use.  Possible explanations for higher frequency of 
detected feeding buzzes in urban landscapes are that the abundance of water and 
vegetation to support higher concentrations of prey and the longer availability of 
abundant prey due to increased NPP in arid urban landscapes (Avila-Flores and Fenton 
2005, Hourigan et al. 2006, Buyantuyev and Wu 2008, Goddard et al. 2010).  This 
finding is important because conservation efforts based solely on bat activity may 
underestimate available bat habitat.  
 
Furthermore, in Australia Threlfall et al. (2012a) found insect biomass alone did not 
explain increased detection of feeding buzzes (the only response variable examined), 
suggesting other factors such as availability of roosting habitat may affect feeding buzz 
rates in an urban landscape.  In Mexico, Avila-Flores and Fenton (2005) found that 
feeding buzzes were not positively correlated with insect biomass, but that bat activity 
and the number of taxa were positively correlated to insect biomass.  Avila-Flores and 
Fenton (2005) found that feeding buzzes were detected more often in illuminated open 
areas and large parks compared to small parks and residential areas, and feeding buzzes 
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were detected more often in illuminated open areas compared to natural areas.  However, 
values of insect biomass may be inflated in illuminated areas due to the light source.  
 
Possible explanations for predicted patterns of foraging activity within the study area 
are the availability of prey, water, and vegetation, but it is not clear if there is a 
relationship between frequency of feeding buzz detection in urban landscape versus 
natural landscapes, and such conclusions are beyond the scope of this study.  This is 
however, an important first step to identify patterns of predicted detected feeding buzzes, 
but the mechanism driving the patterns warranting further research. 
 
The riverbeds and canals, although neglected landscape features lacking vegetation 
cover and diversity compared to riparian areas, do appear to function in a similar manner 
for some bats connecting a network of prime foraging habitat across the metropolitan 
area.  Thus, building on the findings of this study for predicted bat activity, the 
extensiveness of native vegetation fragments and the linear nature of waterways, together 
with the correlation of bats with riparian areas, suggest that these landscape features may 
be potential important linkages and corridors of movement to access fine scale 
fragmented areas commensurate with foraging habitat (e.g. abundance of prey, 
vegetation, and water) within the metropolitan region.  Since the availability of foraging 
habitat is determined by the abundance of bats, the current study identified landscape 
scale factors and site scale factors that potentially influence the use of foraging habitat.  
At the landscape scale, movement constrains access to foraging habitat.  At the site scale, 
bats make decisions on where to forage most likely based on the availability and size of 
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water sources, suggesting either prey abundance over water or water that provides 
vegetation for prey abundance or a combination these two factors are driving predicted 
fine scale foraging activity.  Therefore, water sources and associated vegetation should be 
key areas of consideration to minimize the negative effects of the surrounding urban 
matrix on the bats. 
 
The results of this study are consistent with other multi-scaled studies showing broad 
scale activity is most likely influenced by landscape structure (Gehrt and Chelsvig 2003, 
Gorresen et al. 2005, Johnson et al. 2008, Ober and Hayes 2008, Limpert et al. 2009, 
Ethier and Fahrig 2011, Dixon 2012, Ducci et al. 2015, Chambers et al. 2016, 
Charbonnier et al. 2016, Lintott et al. 2016, Mendes et al. 2016).  These same studies also 
showed at fine scales the complementation of resources, and is a possible factor that 
influences the positive response of bats to fragmented landscapes (Gehrt and Chelsvig 
2003, Gorresen et al. 2005, Johnson et al. 2008, Ober and Hayes 2008, Limpert et al. 
2009, Ethier and Fahrig 2011, Dixon 2012, Ducci et al. 2015, Chambers et al. 2016, 
Charbonnier et al. 2016, Lintott et al. 2016, Mendes et al. 2016).  
 
Effects of Landscape Pattern on Species Richness 
The only class-level composition metric retained for species richness is the percent of 
the landscape occupied by water (PLAND) which had the strongest influence, all other 
retained metrics were class-level configuration metrics.  The highest predicted number of 
bat species in the metropolitan area was along the riverbeds and canals, and at several 
isolated patches, that correspond to large golf courses, most similar to the results for 
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predicted values of foraging activity.  Conversely, bat species richness is predicted to be 
low in commercial areas with little surface water.   
 
I found golf courses had a strong influence on predicted patterns of species richness, 
but no influence on bat activity or foraging activity.  Golf courses were the only water-
rich cover type that had a strong positive influence on predicted values of species 
richness, other than water cover types.  The greater shape complexity of golf courses at 
the site scale provides increased edge habitat that bats are known to favor for movement 
and foraging activity and the characteristic design of golf courses is commensurate with 
prime foraging habitat (Verboom and Huitema 1997, Duff and Morrell 2007).  
 
The dominant scale for species richness is the site scale, indicating the majority of bat 
species are mostly likely making decisions to forage in golf courses due to concentrations 
of prey or other factors such as roosting habitat.  I found that high predicted foraging 
activity were in areas with a high density of small water bodies.  Some of those water 
bodies corresponded to large golf courses with ponds.  But, unlike predicted values of 
foraging activity, predicted species richness included the totality of the golf course in 
which the water source was located.  My result clearly showed that the examination of 
each response enhanced how bats respond to urban landscape patterns. 
 
The percentage of the total landscape area dominated by golf courses at the home 
range scale suggested that, for some bats, the landscape configuration of golf courses 
constrains access to the complementation of habitat provided by golf courses (Ethier and 
 73 
Fahrig 2011), but decisions on where to forage for the majority of bats selecting golf 
courses are primarily determined by the quality of the immediate habitat.  Golf courses 
provide a variety of foraging conditions (edge habitat, water, open areas and edge 
vegetation) that could be used by bats with varying foraging and commuting strategies. 
For example, the Mexican free-tailed bat, a fast flyer that has low energetic costs of flight 
are adapted for long commutes, and forages in more open habitats.  Compared to the 
canyon bat, Arizona’s smallest bat with a small linear home range (second order) that 
prefers to roost near water and fly along edge vegetation or man-made linear structures to 
avoid being blown off course to reduce the high energetic cost of flight (Table 3).  
Moreover, the maintained ground conditions at golf courses means vegetation stays 
greener for longer periods of time, and so does the corresponding abundance of prey.  
Therefore, golf courses may provide sustained areas of prime foraging habitat that are 
selected by more species.   
 
 I found only one published source that examined the explicit uses of golf courses by 
bats (Threlfall et al. 2016).  Threlfall et al. (2016) examined 39 urban green spaces 
including golf courses, public parks and residential neighborhoods in Australia to assess 
the efficacy of common vegetation management strategies and their impact on urban bird 
and bat communities.  Threlfall et al. (2016) found both bird and bat species richness 
increased with the proportion of native plants.  Bird species richness increased with the 
amount of understory vegetation and bat activity increased with large tree density, in 
particular native trees (Threlfall et al. 2016).  Threlfall et al. (2016) concluded vegetation 
management approaches that increased the abundance of native vegetation and 
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understory vegetation including the retention of large trees, typically removed as hazards, 
are practical vegetation management approaches that improve green spaces for urban 
birds and bats.   
 
Studies that examine urban parks, modestly comparable to the park-like conditions of 
golf courses, and the availability of bat habitat resources show urban parks were utilized 
by a few species suggesting the utility of urban parks to provide improved conditions for 
bat communities  (Kurta and Teramino 1992, Avila-Flores and Fenton 2005, Loeb et al. 
2009).  Loeb et al. (2009) concluded that large parks have the greatest value due to 
species-area relationships, but small parks have more unique species indicating that urban 
parks may play an important role as refuges for bats within the urban landscape (Loeb et 
al. 2009).  High predicted species richness in golf courses is a major finding because it 
suggests golf courses are a novel cover type for bat conservation and may play an 
important role as stop overs or refuges for rare or elusive bats within the urban landscape 
with access prime foraging habitat, drinking water and potential roosting habitat.   
 
 Vulinec (2014) examined bat habitat use of micro-habitat characteristics of golf 
courses in Delaware and found tall, maintained canopy habitat on golf courses had seven 
times more activity than the most undisturbed habitat, and tall, natural canopy and ponds 
had the second highest amount of activity (Ogale 2001, Vulinec 2014).  High bat activity 
in the maintained high canopy areas (maintained for golf cart transit) was explained by an 
interaction of both cover from predators and a clear flying corridor (Ogale 2001, Vulinec 
2014).  Additionally, in 2014 the Florida bonneted bat (Eumops floridanus), was 
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discovered foraging on a golf course in Florida (US Fish and Wildlife Service 2014).  
Limpert et al. (2009) in Maryland found one radio tagged female Eastern red bat 
(Lasiurus borealis) consistently foraged in a golf course adjacent to state park land.  The 
results of these studies and mine reveal golf courses as unlikely hotspots for bat species 
richness, globally serving as stop-overs or refuges for rare or elusive bats (Limpert et al. 
2009, Loeb et al. 2009, Threlfall et al. 2016).   
 
In contrast, I found species richness is predicted to decrease with the size of 
commercial areas at the site scale with moderate influence (40% probability) on predicted 
values.  This was the only finding that indicated a negative relationship between 
urbanization and habitat use.  Studies show species richness and overall activity tend to 
decline in highly urbanized cover types (Kurta and Teramino 1992, Hourigan et al. 2006, 
Hourigan et al. 2010, Threlfall et al. 2012b, Luck et al. 2013).  In contrast, (Gehrt and 
Chelsvig 2003, 2004) found species richness was correlated with highly urbanized area, 
and concluded that the urban area with forested fragments, acted as islands of suitable 
habitat within an agricultural dominated landscape, areas that lacked suitable trees/habitat 
for clutter-adapted species.  As with my study the context of the landscape is a factor that 
determines the response of bats to urban landscape pattern (Gehrt and Chelsvig 2003).   
 
The trend among the current body of research showed overall bat activity and species 
richness decline in areas of high urbanization (e.g., commercial and industrial areas), but 
bat activity and species richness does not increase with decreasing urbanization, but 
rather increased in cover types that provide required resources (Duchamp and Swihart 
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2008, Hourigan et al. 2010, Luck et al. 2013).  My results support this trend and indicate 
the availability of water was the most important factor that influences bat habitat use in 
my study area.  Unfavorable conditions within commercial cover types are best explained 
by little surface water.  However, other factors such as increased impermeable surface, 
lack of vegetation to support prey abundance, and if surface water is present poor water 
quality due to stormwater run-off contamination.  This finding adds to the body of 
evidence that highly urbanized areas have a negative effect on species richness in urban 
landscapes, but what causes the response to these patterns are context specific.  
 
Scale Effects  
I found that the home range scale had a weak positive influence on bat species 
richness when golf courses were the dominate cover type at a1500 m radius.  These 
results suggest that the 1500 m captures the minimum spatial extent for bats with smaller 
home ranges in the study area, like the canyon bat, Arizona’s smallest bat, and the Yuma 
myotis. Thus, the 3000 m scale represents the regional landscape distribution of bat with 
smaller home ranges.  Conversely, the 3000 m scale mostly likely represents the lower 
limit of the home range scale for some of the bats in the study area.  Also, since 
landscape pattern at the 3000 m scale had a strong influence on bat and foraging activity, 
this result suggests for some bats many of the required resources may be present within 
the study area.  For some bats like the big brown bat may eliminate the need to commute 
between natural landscape and urban landscapes.  The scales I examined did not capture  
the home range of bats with larger home ranges, like the Mexican free-tailed bat, and the 
pocketed free-tailed bat.    
 77 
Since little is known about bat home ranges and much less is known of the effects of 
urbanization on bat home ranges, I selected the 1500 m and the 3000 m to elucidate the 
upper and lower limits of the estimated home range of bats and the regional distribution 
of bats.  This finding is important because I identified a range of broad scales that 
influence bat activity and foraging activity, and identified the some of the bats that may 
be influence by landscape pattern at broader scales, and identified the fine scale that is an 
important scale at which landscape pattern influences bat activity, foraging activity and 
species richness.  This study is a first step to inform future research that will guide bat 
conservation.  
 
The picture that emerged was that for some bats, bat activity and foraging activity 
were constrained by the configuration of riverbeds and reaches of the canal, and remnant 
mountain ranges at the 3000 m scale.  These landscape features acted as orientation cues 
that provided connectivity to areas of fine-scale land cover heterogeneity in golf courses, 
areas with a high density of small waterbodies, and surrounding watercourse.  The 
number of species detected within the study area was influenced by site scale (180 m) 
conditions where the availability of water, prey, and roosting habitat most likely affected 
decisions on where to forage.  
 
The Effects of Water 
Water had a strong influence across all three response variables.  In the hot arid 
climate of Arizona, the surface water is limited, therefore, water may impose additional 
constraints on habitat use for insectivorous bats (Rabe and Rosenstock 2005, Tuttle et al. 
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2006, Ethier and Fahrig 2011, Hagen and Sabo 2012).  It is not surprising that water is an 
important factor that influences bat habitat use, as drinking water is a habitat requirement.  
However, even in an urban environment where the availability and diversity of suitable 
water sources may increase, water remains a limiting factor for bats in the metropolitan 
area.  These findings are important because, in arid desert climates, it can be inferred that 
for desert-dwelling bats water availability and diversity are of equal, if not of greater 
importance, than roosting and foraging habitats.  Therefore, studies of bats in arid desert 
climates should put equal emphasis on quantifying the landscape configuration of the 
diversity of water conditions available within the landscape.  The continuous nature of 
waterways and the correlation of bats with riparian habitat make waterways and urban 
waterway an important landscape feature in favor of bat activity, foraging activity and 
species richness.  
 
Water was not controlled for in this study so water-rich and water-poor cover types 
may confound our results.  However, our model sets were ranked based on parsimony, 
and model averaging assessed the effects of water configuration and the effects of water 
composition independently for each response variable.  Additionally, our results showed 
that not all water-rich cover types had a positive relationship with bat habitat use.  For 
example, high bat activity was predicted in native vegetation remnants, whereas 
agricultural areas, considered to be a water rich cover type and a habitat that has been 
shown to be an area of high activity in other regions of the US, was not represented in 
any of the model sets.  For these reasons, the importance of water and the constraint it 
may impose on desert-dwelling bats in an arid desert urban landscape appears to be 
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appropriately assessed using the I-T approach.  
 
However, caution should be used when making broad generalizations about foraging 
guild or species-specific habitat use or relative sensitivity to human disturbance due to 
the variability of species-specific behavior as well as individual variability.  Species-
specific patterns of habitat use are beyond the scope of the current study.  
 
Other Findings 
Several authors show agricultural areas are used by bats and bats provide valued 
biological pest control (Boyles et al. 2011).  I did not find any direct evidence showing 
habitat use in agricultural areas with the study area.  Agricultural land is a water-rich 
cover type that did not have any relationship with habitat use in the study area.  Other 
studies in North America and in Arizona have shown high activity and species richness in 
rural/agricultural areas, contrary to the findings of my study (Wolf and Shaw 2002).  
Perhaps increased pesticide use negatively affected irrigation water as drinking water 
source and prey abundance factor.  In addition to the potential poor water quality, the 
narrow concrete irrigation channels are less suitable to the majority of bats, except for 
generalist species like the big brown bat and the Mexican free-tail bat typically associated 
with agricultural areas (Hinman and Snow 2003).   
 
Quantitative studies in the arid Southwest do not include agricultural areas, so most 
reported results do not directly examine the suitability of such cover types for bats 
(Altenbach et al. 2003, Hinman and Snow 2003).  Although, agricultural areas may 
 80 
provide an abundance of insects and drinking water, these benefits may be negated by 
increased pesticides use explaining this cover types absence from our findings (Altenbach 
et al. 2003, Boyles et al. 2011).  
 
 
Figure 8 Final research flow chart. 
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CHAPTER 3 
SYNTHESIS AND CONSERVATION IMPLICATIONS 
Major Findings 
• Class-level configuration metrics best explained patterns of bat habitat use for all 
three response variables than landscape-level metrics.  Patch density was the only 
relevant landscape-level metric, and the percentage of the landscape occupied by 
a patch was the only relevant composition metric. 
• Overall, bat habitat use was affected by land use and land cover pattern primarily 
at the landscape and the site scales.  Specifically, landscape pattern influenced bat 
activity and foraging activity mainly at the landscape and site scale, and bat 
species richness only at the site scale.   
• In the arid urban landscapes of the southwestern US, water is a limiting factor for 
bats even in urban landscapes where the availability of water may be greater than 
in outlying native desert habitat.  
• Golf courses may serve as important stop-overs or refuges for rare or elusive bats, 
and provide a novel opportunity for bat conservation.  Golf courses had the 
highest species richness, and included the detection of the uncommon pocketed 
free-tailed bat. 
   
Future Research  
This study provided a first step into the activity patterns of urban bats within the study 
area and has identified relationships between landscape patterns and habitat use, their 
scale dependence and important metrics.  This study directly answered some of the urban 
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research goal outlined in the Arizona Bat Conservation Strategic Plan (2003), but 
additional research is needed.  Future research should examine species-specific response 
of bats in this urban setting across multiple scales that are relevant to examined species to 
build upon the findings of this study.  Studies that examine foraging guilds at a range of 
scales, broader than the scales I examine would be equally useful.     
 
The CAP-LTER is conducting long term studies at the 200 CAP-LTER survey points 
that includes arthropod abundance and diversity surveys (Faeth et al. 2005).  Future 
research should examine the relationship between bat activity, foraging activity, and 
species richness to arthropod data at the same 200 survey points I used as a follow up to 
this study.  Since bat occurrence is strongly correlated to arthropod abundance (Kunz et 
al. 2011), such research will provide insight into predator-prey dynamics in urban 
landscapes.  This research could also test the hypothesis that the frequency of detecting 
feeding buzzes increases in urban landscapes compared to natural landscapes. 
 
Conservation Implications  
Bats can be a useful indicator of ecosystem health in the arid desert climate of the 
southwest because patterns of occurrence are determined by roosting and foraging 
habitat, and, as shown by my study, the availability of water.  Bats are an important 
dietary component of medium-sized predators in urban landscapes.  For golf courses bats, 
can be an indicator of environmentally responsibly managed golf courses consistent with 
both sustainable and economically-beneficial management practices.  For example, 
increased insect abundance with increased pesticide application indicates reliance on 
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pesticides to control insect populations.  Reduction of pesticides allows for a balanced 
approach to insect management that is commensurate with environmentally responsible 
management and reduced management costs.  Synthetic pesticide use in urban landscapes 
(e.g., crop damage and the suppression of insect borne diseases) has resulted in 
unintended consequences, that have contributed to the decline of some beneficial insect 
populations, pesticides entering water supplies, and adverse health risks to humans (Kunz 
et al. 2011, Woodcock et al. 2016).   
 
In addition to bats, wildlife has also been documented on golf courses, including 
reptiles, predatory birds and large mammals over natural habitat providing a reliable 
water source, movement corridors, vegetation cover and opportunistic hunting grounds 
(Terman 1997, Porter et al. 2005, Tanner and Gange 2005, Yasuda and Koike 2006, 
Hodgkison et al. 2007, Colding and Folke 2009).  For example, Tiger rattlesnakes in the 
Tucson region were observed as having larger body size and more offspring near golf 
courses, with overall smaller home ranges, most likely explained by both increased 
numbers of rodent prey and barriers to movement through the urban matrix (Sullivan et 
al. 2013).  The role of golf courses to provide refuge for urban biodiversity has been the 
focus of some studies (Porter et al. 2005, Tanner and Gange 2005, Yasuda and Koike 
2006, Hodgkison et al. 2007, Colding and Folke 2009), and practices that benefit birds 
can also benefit bats such as snag retention, reduced pesticides and artificial roosts 
(Threlfall et al. 2016).  The Audubon Cooperative Sanctuary Program for Golf Courses is 
an example of an international initiative that to promote environmental stewardship, 
conservation of biological diversity, and sustainable resource management through 
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education and assistance (Audubon International 2014). 
 
Golf courses are rejected by some people in arid climates for the amount of water, or 
perceived amount of water, needed to maintain the park-like conditions and for the long-
term use of pesticides.  My findings encourage environmentally responsible management 
of golf courses, including maintaining golf course characteristics, retain mature trees, and 
planting native vegetation.  These sustainable practices should reduce some of the 
maintenance costs that will encourage golf course participation, and provide positive 
public relation opportunities to encourage community ownership.  
 
New water practices in the metropolitan area ensures that the majority of water used 
by golf courses is reclaimed water, reducing the conflicts with resource conservation, 
habitat conservation and public perception.  As the popularity of the game wanes golf 
courses are an increased source of residential expansion.  At the landscape scale golf 
courses should be factored into land use planning and valued as important habitat for 
diverse range of wildlife.  When golf courses are considered for residential expansion, 
ecosystem processes and services benefiting both biodiversity and humans should be 
factored into the goals of the desired culture of residential development.  Golf course 
management can incorporate landscaping practices that retain mature trees, planting 
native vegetation, reduce pesticide use, and maintain golf course characteristics.  
Additionally, I recommend former golf courses should be preserved as green spaces for 
wildlife and recreational use.  This study shines new light on the novel benefits of golf 
courses to bat species richness, urban biodiversity and the surrounding urban community.   
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Similarly, canals in the metropolitan area are a neglected cover type lacking 
vegetation, not typically considered to be useful habitat for bats or wildlife.  My results 
showed opportunities to increase their value for bats and wildlife by planting native trees 
and mature trees.  This should be an integral component of land-use planning for the city 
(Ellin et al. 2009, Lintott et al. 2016).  Also, the examination of other novel urban cover 
types or infrastructure to provide opportunities to enhance bat and urban biodiversity 
conservation should be explored. 
 
For Phoenix to attain its objective of becoming “the sustainable desert city,” (Ellin et 
al. 2009) its policy framework should include an urban biodiversity component that 
includes bats, to enhance ecosystem processes and services, to achieve a more sustainable 
urban ecosystem. 
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METRICS AND DESCRIPTIONS 
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Table 1 Considered variables/metrics and variables tested as predictors of change in bat activity, foraging  
activity and species richness, respectively. Metrics, abbreviation codes, metric level, landscape pattern  
category and metric descriptions are presented.  Descriptions are per McGarigal et al. (2013) and metrics 
were computed using FRAGSTATS 4.0 (McGarigal et al. 2013). 
Landscape-level variable Category Description 
Patch Density (PD) a Configuration Number of patches in the landscape per unit 
area.  
Largest Patch Index (LPI) a Configuration Percentage of the total landscape area 
comprised by the largest patch. A simple 
measure of dominance.  
Edge Density (ED) b Configuration Edge length per unit area.  
Aggregation Index (AI) b Configuration Measures the degree to which the total 
landscape area consists of a single compact 
patch.  
Class-level variable Category  Description 
Percentage of the landscape 
occupied by a patch (PLAND) a 
Composition  Percentage of the landscape occupied by the 
corresponding patch.  
Largest patch index of a patch 
(LPI) a 
Configuration Percentage of the total landscape area 
comprised by the largest patch of the 
corresponding patch. A simple measure of 
dominance.  
Area-weighted mean patch radius 
of gyration (GYRATE AM) a 
Configuration Also known as correlation length, measures 
the average distance one can move from a 
random starting point/pixel and traveling in a 
random direction without leaving the 
corresponding patch. A measure of broad 
connectivity.  
Area-weighted mean patch area 
(AREA AM) a  
Configuration Measures the expected size of a patch when 
selecting a random point/pixel. 
Patch density of a patch (PD) b Configuration Number of patches in the landscape of the 
corresponding patch per unit area. 
a Final predictor variables tested as predictors of change in respective response variables. 
b Variables discarded after univariate model selection and multicollinearity screening. 
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UNIVARIATE MODEL SELECTION AND VARIABLE MULTICOLLINEARITY 
RESULTS  
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Table 1 Retained predictor variables (in bold) after univariate model selection and multicollinearity 
screening. 
Response variable Predictor variable Univariate  
P-value 
Result of  
multicollinearity 
 screen 
Bat Activity AI_180 0.0618 drop 
 ED_180 0.0552 drop 
 LPI_180 0.02641 keep 
 PD_180  0.0552 drop 
 AREA_AM_4_180 0.00394 keep 
 GYRATE_AM_4_3000 0.0569 keep 
 GYRATE_AM_6_3000 0.0594 keep 
 PLAND_4_180 0.00394 keep 
 PLAND_6_3000 0.08 keep 
Foraging Activity AI_180 0.01725 drop 
 ED_180 0.0184  drop 
 PD_180 0.00391 keep 
 LPI_180 0.01996 drop 
 GYRATE_AM_4_3000 0.0202 keep 
 LPI_4_180 0.063  keep 
Species Richness AREA_AM_3_1500 0.009  drop 
 AREA_AM_4_180 0.0686  drop 
 AREA_AM_7_180  0.063 keep 
 GYRATE_AM_3_180  0.0034 keep 
 LPI_3_1500  0.00723 keep 
 LPI_4_180  0.0686   drop 
 LPI_7_180 0.0713   drop 
 PLAND_3_180 0.01  drop 
 PLAND_4_180 0.0686 keep 
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Table 1 Absolute numbers of files and call sequences  
recorded across sampling sites in the Phoenix metropolitan region  
(May – October 2010) prior to standardization. Table shows data  
before and after the data was cleaned (i.e., removed poor quality  
files), and the total number of species and myotis groups identified.  
Description  Total 
Total files recorded  177,450 
Total files after filter was applied 85,480 
Total call sequences after manual inspection 
and analysis   16,605 
Total number of species identified 9 
Total number of myotis groups identified  
(40 kHz and 50 kHz myotis) 2 
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APPENDIX D 
ALL SUBSET MODELS AND FINAL AVERAGED MODELS
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Table 1 Model parameters for the 14 models within 4 AICc units predicting call sequences per hour (bat activity) detected across sampling sites in the 
Phoenix metropolitan region (May - October 2010).  
(Intercept)  AREA_AM_4_180 
GYRATE_AM
_4_3000 
GYRATE_AM
_6_3000 LPI_180 
PLAND_
4_180 
PLAND_6
_3000 k logLik AICc 
AICc D a 
 Weights b 
10.54 6.099 x 0.00875 -0.1889 x x 5 -64.02 142 0 0.143 
10.54 x x 0.00875 -0.1889 0.5082 x 5 -64.02 142 0 0.143 
10.54 6.099 x 0.00875 -0.1889 x x 5 -64.02 142 0 0.143 
10.66 8.82 x 0.01935 -0.1637 x -0.2928 6 -62.439 142.9 0.84 0.094 
10.66 x x 0.01935 -0.1637 0.735 -0.2928 6 -62.439 142.9 0.84 0.094 
10.66 8.82 x 0.01935 -0.1637 x -0.2928 6 -62.439 142.9 0.84 0.094 
14.15 x x 0.01011 -0.2471 x x 4 -66.599 143.7 1.66 0.063 
11.4 x 0.004461 0.009134 -0.23 x x 5 -65.378 144.8 2.72 0.037 
9.318 5.262 0.002779 0.008328 -0.1862 x x 6 -63.49 145 2.94 0.033 
9.318 x 0.002779 0.008328 -0.1862 0.4385 x 6 -63.49 145 2.94 0.033 
9.318 5.262 0.002779 0.008328 -0.1862 x x 6 -63.49 145 2.94 0.033 
9.018 8.093 0.003804 0.0204 -0.1562 x -0.3379 7 -61.293 145.2 3.16 0.03 
9.018 x 0.003804 0.0204 -0.1562 0.6744 -0.3379 7 -61.293 145.2 3.16 0.03 
9.018 8.093 0.003804 0.0204 -0.1562 x -0.3379 7 -61.293 145.2 3.16 0.03 
Variable 
Importance  
0.60 0.23 1.00 1.00 0.30 0.37      
a The difference in AICc between the first-ranked model and the given model. 
b Akaike weight, is the weight of evidence that a given model is the best approximating model.  For example, a weight of 0.143 indicates that it is only 
just a better model compared to the models/hypothesis tested. 
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Table 2 Final averaged model for bat activity, showing model averaged coefficients for all subsets modeling to predict call sequences per  
hour detected across sampling sites in the Phoenix metropolitan region (May-October 2010), in order of variable importance, strong to weak 
influence. 
(Intercept) GYRATE_AM_6_3000 LPI_180 AREA_AM_4_180	 PLAND_6_3000 PLAND_4_180 GYRATE_AM_4_3000 
10.57568 0.012838 -0.18375 7.057923 -0.30355 0.58816 0.003459804 
Variable 
Importance a 
1.00 1.00 0.60 0.37 0.30 0.23 
a The summed Akaike weight for the predictor variable, that is, the individual importance of each variable independently. For example, 
GYRATE_AM_6_3000 with a parameter weight of 1.00, is interpreted as aspects of the correlation length of native vegetation  
(cover code = 6) at the landscape scale (3000 m) has a 100% probability that it plays a role in determining predicted patterns of bat activity.  
 
 
Table 3 Model parameters for the two models within 4 AICc units to predict detected feeding buzzes per hour (foraging activity) detected 
across sampling sites in the Phoenix metropolitan region (May-October 2010). 
(Intercept) GYRATE_AM_4_3000 LPI_4_180 PD_180 k logLik AICc AICc D a Weights b 
-2.192 0.002178 x 0.01516 4 -36.99 84.5 0 0.776 
-2.087 0.001906 0.05593 0.01446 5 -36.484 87 2.49 0.224 
Variable 
Importance  
1.00 0.22 1.00      
a The difference in AICc between the first-ranked model and the given model. 
b Akaike weight, is the weight of evidence that a given model is the best approximating model.   
 
 
Table 4 Final averaged model for foraging activity. Model averaged coefficients for all subsets 
modeling to predict feeding buzzes per hour (foraging activity) detected across sites in the 
Phoenix metropolitan region (May - October 2010), in order of AICc variable importance, strong 
to weak influence. 
(Intercept) GYRATE_AM_4_3000 PD_180 LPI_4_180 
0.192688 0.002117 0.015005 0.05593 
Variable 
Importance a 1.00 1.00 0.22 
a The summed Akaike weight for the predictor variable, that is, the individual importance of each 
variable independently.  
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Table 5 Model parameters for the six models within 4 AICc units to predict the number of species detected per hour (species richness) across  
sampling sites in the Phoenix metropolitan region (May - October 2010).  
(Intercept)  AREA_AM
_7_180 
GYRATE_AM
_3_180 
LPI_3_1500 PLAND_4_180 k logLik AICc AICc D a Weight 
b   
0.1783 x 0.004774 x 0.01829 4 12.579 -14.7 0 0.439 
0.2162 -0.02939 0.004359 x 0.01741 5 13.899 -13.8 0.86 0.285 
0.1799 x x 0.09143 0.0182 4 11.274 -12 2.61 0.119 
0.2206 -0.03163 x 0.0827 0.01726 5 12.635 -11.3 3.39 0.081 
0.178 x 0.004549 0.00486 0.01831 5 12.583 -11.2 3.49 0.077 
Variable 
Importance 
0.37 0.80 0.28 1.00      
a The difference in AICc between the first-ranked model and the given model. 
b Akaike weight, is the weight of evidence that a given model is the best approximating model.   
 
Table 6 Final averaged model for species richness. Model averaged coefficients for all subsets modeling  
to predict number of species detected per hour across sampling sites, in order of AICc variable importance,  
strong to weak influence.  
(Intercept) PLAND_4_180 GYRATE_AM_3_180 AREA_AM_7_180 LPI_3_1500 
0.192688 0.017945 0.004604 -0.02988 0.064889 
Variable 
Importance a 1.00 0.80 0.37 0.28 
a The summed Akaike weight for the predictor variable, that is, the individual importance of each variable  
independently. 
 
